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INTRODUCTION
The fifteen lanthanide elements, along with Scandium and Yttrium, are collectively
known as the rare earth elements. Since their discovery, these atoms have been ex-
tensively studied and used in many applications, such as permanent magnets and su-
perconductors. The triply ionized state was particularly noticed because of its very
narrow absorption and emission spectra, caused by the peculiar electron configuration
of the resulting ion. This characteristic is especially surprising when compared to the
large bands of the transition metals. Because of that, trivalent rare earth ions have
been employed, in the past twenty years, as doping materials for solid-state lasers.
Chapter 1 describes the energy levels of rare earth trivalent ions, both free and in
crystals.
A less known implementation of these elements is the optical refrigeration of solids.
Although light is intuitively associated with heat, such as the sunlight or laser cutting
machines, it is indeed possible to cool down a solid system by pumping it with a
laser. This effect exploits the emission of light with wavelengths shorter than the
incoming one, called “anti-Stokes fluorescence”, to subtract thermal energy from a
suitable system, hence reducing its temperature. Theorized in 1929 among the doubts
of the physics community, optical refrigeration was finally demonstrated in 1981 and
it has been investigated for many years inside several materials.
Ideally, a system should cool down when pumped with a wavelength longer than
its mean emission. However, more realistic models consider losses due to incomplete
absorption from the doping ions and due to the escape probability of the fluorescence.
These two factors, combined with the absorption spectrum and the mean emission
wavelength of the material, describe how well the system will perform as an optical
cooler. Indeed, these parameters are very limited in cooling solids. For example, the
probability that an excited ion will emit a photon that exits the material must be higher
than 97%. These tight constraints distinguishes optical refrigerators from other devices
that produce light with wavelength shorter than the pump, such as up-conversion based
systems, which have much lower quantum efficiencies.
The main application of optical refrigeration is the design of a cooling device with-
out moving parts, stable with respect to environmental alterations, insensitive to elec-
tromagnetic fields and capable of operating for years. This optically refrigerated cooler
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would have several advantages on other techniques. Freedom from vibrations is the
key feature of the device, which differentiates it from conventional mechanical cool-
ers. It would also have some benefits on the widely used thermoelectric coolers, based
on the Peltier effect, including but not limiting to the unresponsiveness to external
electromagnetic interferences and the capability to work at lower temperatures. These
features can be achieved because of the employed refrigeration mechanism and because
of the nature of the currently studied materials, such as insulator glasses and crystals.
A description of the optical refrigeration principle of operation, with the state of the
art of this technology is reported in Chapter 2.
Recently, the research on this field has been focused on Ytterbium-doped fluoride
crystals. Among the rare earths, Ytterbium exhibits a simpler level structure, with
only two manifolds, able to support optical refrigeration. The absence of upper levels
inhibits energy quenching processes between the doping ions. Therefore, the quantum
efficiency of Ytterbium-doped systems can be very close to unity. Besides, fluoride
materials have been shown to offer several advantages over the other rare earth hosts,
such as longer upper-state lifetimes, wider transparency windows and lower phonon
energies. In particular, the Lithium Yttrium fluoride (LiYF4) or YLF, is recently
emerging as solid-state laser medium. Due to the similar radius, the Yttrium can be
effectively replaced by rare earth ions, making the molecule suitable for doping.
This thesis work is dedicated to the study of Ytterbium-doped YLF crystals to
measure their optical refrigeration performances. With this goal in mind, several YLF
crystals, doped with 5%, 7.5% and 10% of Ytterbium, were grown in a custom-designed
furnace at the New Materials for Laser Applications laboratories, in Pisa. The formed
rods were examined to check the absence of fractures or other structural defects, then
oriented to determine the crystallographic axes. After the orientation, the rods were
cut into smaller samples, made to perform the necessary experiments. The growth,
orientation and cutting procedures are depicted in Chapter 3.
Optical properties were measured for all the samples, such as absorption coefficient
of the Ytterbium ions, fluorescence spectrum and decay time of the upper manifold.
The spectroscopical measurements were carried out at several temperatures, in a range
between 10 K and 300 K, to verify how the temperature modified the spectra of the
crystals. These analyses ensured the high quality of the samples and were useful to
compare the various doping concentrations. Moreover, from the acquired data, it was
possible to estimate the potential cool down capability of all the samples, when pumped
with an appropriate source. Chapter 4 is focused on the spectroscopical measurements
performed on all the samples.
The refrigeration properties of the crystals were tested in a homemade, custom-
built, vacuum chamber, developed to insulate the cooling system and minimize heat
transfer from the environment. The chamber was equipped with four windows, designed
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to pump and observe the sample at the same time. Two contact-less techniques were
employed to detect the temperature of the crystal, without altering its heat capacity.
Only a small subset of the samples was capable to cool down, even though all
of them had similar optical characteristics, thus indicating that the Ytterbium spec-
troscopy was not enough to fully characterize the refrigeration behavior. Indeed, the
growth of crystals for optical refrigeration appears to be a more complex task than
the growth for other experiments, such as laser applications. The optical refrigeration
efficiency was estimated for the three samples that effectively cooled down, two doped
with 5% of Ytterbium, and one with 7.5% concentration. The results of these mea-
surements, with the description of the cooling setup and of the temperature detection
techniques, are reported in Chapter 5.
A lower efficiency than expected was measured in one of the two samples with 5%
of Ytterbium, although they had the same spectral characteristics. This difference was
attributed to the amount of impurities, in particular other rare earth ions, enclosed
inside the crystals. Several spectroscopical measurements were performed on the sam-
ples, at various wavelength regions, with the purpose of identifying the contaminants
from their fluorescences. These investigations, along with an independent elemental
analysis, discovered the presence of Erbium, Holmium and Thulium inside the crystals.
During the cooling measurements, these impurities were not excited by the pump
laser, but gained energy, both directly and indirectly, from the Ytterbium ions in-
stead. The amount of contaminants directly activated from the Ytterbium decreased
the number of ions involved in the refrigeration process. The results of the analyses
were summarized in a descriptive model of the energy transfer processes between the
ions in a crystal. The model identifies which contaminants were directly pumped by
the Ytterbium, hence, which elements were more likely to cause the reduction of the
cooling performances in one of the samples. Chapter 6 includes both the spectro-
scopical and the elemental analyses made on the samples, with the scheme and the
description of the above mentioned qualitative model.
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1 | RARE EARTH IONS AND CRYSTAL HOSTS
The elements of the lanthanide series, along with Scandium and Yttrium, are called
rare earth elements. With atomic number Z between 58 (Cerium) and 71 (Lutetium),
the lanthanides are characterized by the progressive filling of the 4f electronic shell.
They have the inner electronic configuration of Xenon, two electrons in the 6s state,
a partially filled 4f shell and, occasionally, an electron in the 5d level. The trivalent
state is the most common in solids. In this configuration, two electrons from the 6s
level and one from the 4f level form bonds with the neighboring atoms. The resulting
ion is left with the electronic structure of Xenon, plus a number of electrons in the 4f
shell, depending on the atomic number of the element (from 1 for Cerium to 14 for
Lutetium). This particular structure leads to an important feature of trivalent rare
earth ions: the sharpness of their absorption and emission spectra inside ionic crystals.
These lines can be as narrow as the lines observed in free atoms or molecules. This
effect is due to the specific electronic configuration of the trivalent ion, in which the
4f shell is not the outermost one, but is shielded by the filled 5s and the 5p shells, as
shown in Figure 1.1. Generally, optical transitions in rare earth ions inside a crystal
host happen within the 4f level. Thus, the trivalent state is weakly affected by the
interaction with the electric field of the hosting crystal, leading to the narrowness of
its spectral lines [1].
1.1 ENERGY LEVELS
The atomic-like nature of the trivalent state of a rare earth element allows to treat
the crystalline field as a small perturbation of the atomic energy levels. Therefore,
the wave functions of the free trivalent ion are a good basis for the description of the
corresponding trivalent atom in solids. The resulting effect of the perturbation from
the crystalline field will be a splitting of the energy levels.
1.1.1 Free ions
The shielding of the inner shells allows to disregard the interaction between the elec-
trons in the 4f shell and all the others, leaving only a screening effect on the nucleus
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effective charge. A spherical symmetry of the 4f shell is also assumed. In this approx-
imation, the Hamiltonian of the rare earth free trivalent ion can be written as:
H = T + Ven + Vee + Vso = − ~
2
2m
N∑
i=1
∇2i −
N∑
i=1
Z∗e2
ri
+
N∑
i<j
e2
rij
+
N∑
i=1
ζ(ri)s¯i · l¯i (1.1)
where N is the number of electrons inside the 4f shell. The first term (T ) is the kinetic
energy of the electrons; the second (Ven) is the Coulomb interaction with the nucleus,
taking into account the shielding from the inner shells; the third (Vee) is the mutual
interaction between the electrons and the last (Vso) is the spin-orbit interaction. s¯i
and l¯i are the spin and orbital momenta for the i-th electron and ζ(ri) is the spin-orbit
coupling constant.
The most common hypothesis used to solve this Hamiltonian is the central field
approximation, in which each electron moves independently in a spherical symmetric
field made from the one of the nucleus and the symmetric part of Vee. The resulting
Schro¨dinger equation is
Hc ψ =
N∑
i=1
[
− ~
2
2m
∇2i + U(ri)
]
ψ = E ψ (1.2)
Figure 1.1: Radial charge density for the 4f, 5s, 5p and 6s electrons of Gd3+ free ion. The 4f
shell is heavily shielded from the outside by the 5s and the 5p shells [2].
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where U(ri) is the potential from which the i-th electron is affected during its motion.
Since all the terms in this Hamiltonian are spherically symmetric, the degeneracy of
the 4f electronic configuration,
(
2(2l + 1)
N
)
=
(
14
N
)
can not be removed. The solution of the (1.2) is the same one of the Hydrogen atom,
with the potential U(ri). For the single electron, the wave function is
ψi (ki = (ri, θi, φi)) =
1
r
Rnl(ri)Y
m
l (θi, φi)
while the global eigenfunction, taking into account the Pauli exclusion principle, is
ψ(k1, k2, ..., kN ) =
1√
N !
N !∑
i=1
(−1)piPi [ψ1(k1)ψ2(k2)...ψN (kN )]
where the summation goes over all the N ! possible permutations Pi of the electron
coordinates and pi is equal to ±1 for even or odd permutations, respectively. The
principal quantum number n, the orbital angular momentum l and its component
along the quantization axis m are the good quantum numbers.
It is clear that the central field approximation alone cannot provide a realistic
description of the rare earth energy levels. To solve this problem, the non spherically
symmetric part of the (1.1) V = H−Hc should be inserted as a perturbation potential.
Adding these terms will split the highly degenerate states found before into manifolds.
The Coulomb interaction between electrons Vee introduces new good quantum num-
bers, such as S, the total electron spin and L, the total orbital momentum. For any
given manifold, the total angular momentum J = L + S is fixed and the degeneracy
is (2L + 1)(2S + 1). These manifolds are labeled with the notation 2S+1L. The split
energy given by the Coulomb interaction has the magnitude of 104 cm−1.
The spin-orbit potential Vso leaves only J and its projection along the quantization
axis M as good quantum numbers. The manifolds split further into manifolds with M
fixed and (2J + 1) degeneracy. The energy separation caused by the spin-orbit effect
is one order of magnitude smaller than the Coulomb one, hence has a magnitude of
103 cm−1. Even though L and S no longer describe the eigenvectors of the perturbed
Hamiltonian, these manifolds are still identified with the notation 2S+1LJ.
Usually, energy levels of the (1.1) are determined by neglecting one of the two in-
teractions, suppressed by the other. Unfortunately, as seen before, the two terms differ
only by one order of magnitude, making the earlier described approximation infeasible.
Therefore, an intermediate coupling approach is required to obtain a quantitative level
scheme. Figure 1.2 shows the energy levels for many trivalent rare earth ions.
7
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Figure 1.2: Energy levels of all rare earth free trivalent ions [3].
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1.1.2 Rare earth ions in the crystal field
Interaction between the free trivalent ion, modeled as above, and the crystal field of
the surrounding matrix is described in the so-called crystal field theory [4]. This model
treats the potential provided by the crystal environment as a perturbation to the free
levels. Charges inside the host are assumed fixed and point-like. Furthermore, only
the coupling between the ion and its nearest neighbors is considered. This approach
requires that the electrons stay close to the dopant ion, which is the case for the
electrons in 4f shell of a trivalent rare earth ion. The crystal field perturbation removes
(partially or totally) the (2J+1) degeneracy of M, thus splitting further the spin-orbital
manifolds. These resulting levels are called Stark sublevels and are labeled with the
notation 2S+1LJ,µ. Crystal field splitting has a magnitude of 10
2 cm−1.
4fn
2S+1L
104 cm-1
Coulomb
2S+1LJ
103 cm-1
spin-orbit
2S+1LJ,Ð
102 cm-1
crystal field
Figure 1.3: Typical values of level splitting energies in rare earth trivalent ions.
The number of Stark sublevels, in which a manifold is divided, is caused by the
crystal symmetry group of the crystal. Kramer theorem proves that, if J is a half-
integer (hence N is odd), every Stark sublevel will be at least two-fold degenerate
because of the Hamiltonian time reversal symmetry. Thus, every manifold will contain
(2J+1)/2 sublevels. If J is an integer (N is even) the number of Stark sublevels cannot
be easily determined, but is related to the number of irreducible representations of the
the crystal point symmetry group of the site in which the dopant ion is placed. In any
case, crystal field interaction can only split additionally the manifolds, without varying
their mean energy. Therefore, Dieke’s scheme (see Figure 1.2) is a good reference to
find the energy of the manifolds in all the crystal matrices.
The odd part of the crystal potential mixes several levels with different quantum
principal number, thus making dipole transitions between 4f electrons, previously parity
forbidden, partially allowed. Hence, different manifolds admit radiative transitions
between them, with decay times up to tens of milliseconds, much longer than atomic
decay times. This feature leads to call such states metastable levels.
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1.2 ENERGY TRANSFER IN A RARE EARTH DOPED CRYSTAL
As seen before, a trivalent ion inside a crystal host can be optically excited, thanks to
the crystal field mixing. An ion excited before can release its energy following one of
the following processes:
• radiative relaxation
• non radiative relaxation
• cooperative mechanisms
The lifetime of an excited multiplet a can be written as
τa =
1∑
bW
R
ab +W
NR
ab
(1.3)
where the index b runs on all final states, WRab is the radiative decay rate and W
NR
ab is
the non radiative decay rate, including cooperative transfers.
Phonon decays between Stark sublevels cause, at room temperature, a very fast
thermalization inside the manifold (about 10−12 ÷ 10−13 s). Therefore, an excited
multiplet can be treated as a single level and study transitions between this state and
the others below.
1.2.1 Radiative relaxation
Radiative relaxation involves the emission of photons when an ion decays from an
excited state to a lower one. The spontaneous emission rate between the initial level
ψi and the final level ψf is given by the Einstein coefficient Aif
Aif =
64π4 ν3if
3h c3 gi
|〈ψf |P |ψi〉|2 (1.4)
where νif is the frequency of the transition, gi is the degeneracy of the initial level and
P is the transition operator. As written in Paragraph 1.1.2, these optical transitions are
partially allowed by crystal field mixing, hence radiative lifetimes can have magnitudes
of tens of milliseconds. Such long radiative lifetimes facilitate population inversion
between the manifolds.
Radiative decay rate can also be influenced by lattice vibrations, that are cou-
pled with the electronic levels and produce vibrational sidebands. Using the Born-
Oppenheimer approximation, the wave function can be separated into its electronic
and vibronic parts
ψ = ψeψv
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The presence of the vibronic coupling adds a factor to the emission rate because of the
phonon effective density of states D∗(νif ). Therefore, the (1.4) becomes proportional
to
Aif ∝ 〈ψf |P |ψi〉
D∗(νif )
ν3if
Vibrational sidebands allow transitions between the fundamental sublevel of the ex-
cited state and all the states of the lower manifold. Thus, these transitions have less
energy than the purely electronic transition, the so-called zero phonon line, and can
be observed at longer wavelengths. As the temperature increases, though, vibrations
populate also upper sublevels of the excited state and other transitions appear even at
shorter wavelength than the zero phonon line. The intensity of those bands is related to
the strength of the coupling between electronic states and phonons inside the crystal.
Radiative absorption can also occur even if an ion is not in the ground state, for
example if it has previously absorbed a photon. This mechanism is called excited
state absorption (ESA) and it brings an ion on a level with higher energy than before,
otherwise unreachable.
1.2.2 Non radiative relaxation
Non radiative decays include all the relaxation processes in which an excited ion releases
its energy via the emission of phonons and transfers it to the crystal lattice. As
seen in the equation (1.3), these processes lead to a reduction of the lifetime of a
level. Non radiative decays can even suppress the radiative emission if the energy
gap between the two states is less than the energy of phonons. However, such decays
usually require the emission of more than one phonon because, in commonly employed
crystal matrices, the cut-off of the phonon spectrum has a magnitude of hundreds of
cm−1. The following calculations are extracted from the model developed by Riseberg
and Moos [5], which treats only phonons with the same energy ~ω. The transition
probability for a multiphonon decay, between two states with an energy difference ∆E
is
W (T ) =W0 (ni + 1)
p
where T is the temperature of the system, p = ∆E/(~ω) is the number of phonons
required to drive the transition, W0 is the transition rate at low temperatures, and
ni is the occupation number of the i-th phonon mode. Remembering that phonon
populations follow the Bose-Einstein distribution
ni =
1
exp ( ~ωkT )− 1
11
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where ω is the frequency of the phonons, the decay rate becomes
W (T ) =W0
[
exp ( ~ωkT )
exp ( ~ωkT )− 1
]p
(1.5)
Figure 1.4 shows the behavior of equation (1.5) for several orders, with the same phonon
frequency, at several temperatures. For a fixed transition energy, hence given number
of needed phonons, an increase of temperature will lead to different enhancements of
the decay rate, larger for modes that require more phonons. This effect is due to the
growth of the phonon population after a temperature rise.
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Figure 1.4: Decay rate as a function of temperature for single and multiphonon relaxation.
The model also calculates the relations between the decay rateW and the transition
gap ∆E, which is given by
W = Ce−α∆E = C
(
e−α~ω
)p
where C and α are parameters related to the lattice and the temperature. As stated
before, C has a magnitude of 10−12÷ 10−13 s. Multiphonon decay rate decreases when
the energy gap increases, because more phonons are required to cover the energy jump
and allow the transition. Non radiative processes are more efficient than optical for
processes that need six or less phonons, hindering all radiative transitions for levels
closer than this threshold. Therefore, transitions between Stark sublevels of the same
manifold are extremely fast, because their energy separation is close to the phonon
cut-off energy for crystal hosts, leading to quick thermalization inside the multiplet.
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1.2.3 Cooperative mechanisms
If the doping concentration inside the crystal host increases, interactions between two
ions arise. Non radiative energy transfer processes become possible between nearby
rare earth ions [6]. These transfers are allowed by the long lifetime of the excited
states. The efficiency of those mechanisms increases with the doping concentration.
All these interactions cause a reduction of the excited level lifetime. These transfers
occur between ions of the same species or, in the case of crystals with multiple dopants,
between different elements.
Several forces can cause this energy flow. Various models make use of electrostatic
coupling, dipole-dipole magnetic interaction and exchange interaction caused by wave
function overlap [7, 8]. These interactions have probabilities dependent on the concen-
tration of the rare earth ions and on the particular crystal matrix, leading to several
types of transfer. By taking into account the presence of the lattice, even transitions
between levels with different energies become possible. The cooperative mechanisms
are usually classified as
• Migration: a previously excited ion transfers its energy to a close one. This
process can happen either between same species or different elements and it can
be resonant or phonon assisted (see Figure 1.5a).
• Cross-relaxation: an ion decays from an excited state to a lower one (except
the ground state) and transfers its energy to another ion, normally of the same
species, thus moving it to a higher level. The result of this process is the contem-
porary transfer of the two involved ions to the same excited state. Again, this
transition can be non resonant (see Figure 1.5b).
• Up-conversion: two ions in the same excited level interact, the first one supply
its energy to the other and relaxes to a lower state, wile the second one goes to
a higher state. This process can be assisted by phonons and allows to populate
manifolds with higher energies than the pump. This mechanism is used in the
crystals that convert infrared light into visible light (see Figure 1.5c).
1.3 LITHIUM YTTRIUM FLUORIDE CRYSTAL
As seen before, in order to exploit the peculiar properties of rare earth ions, a material
with a low phonon energy is needed. Over the years, high purity fluoride crystals
became the preferred choice. They have a large energy gap (∼ 5 eV), leading to a
transparency region that extends about from 200 nm up to 6 µm. Depending on
their components, they can have interstitial sites appropriate to include dopants with
13
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(a) Migration
(b) Cross-relaxation (c) Up-conversion
Figure 1.5: Types of energy transfer between rare earth ions inside a crystal.
large radius, such as rare earths. Finally, they exhibit phonon energies of the order of
magnitude of 100 cm−1, perfectly suitable for optical applications.
In this work, only a specific host was considered, the Lithium Yttrium fluoride
(LiYF4), often abbreviated as YLF. This host has been widely used in commercial
devices as active laser medium, when doped with almost all the rare earth elements.
It is particularly appreciated for its low indices of refraction and its negative thermal
lensing coefficient. It has a tetragonal structure, like the scheelite (CaWO4), thus its
unit cell can be sketched as a parallelepiped with a square base. Tetragonal crystals are
also called uniaxial, which means they have two identical optical axes, normally labeled
as a. The third axis, longer in the YLF, is named c. The presence of two different
optical axes leads to different properties, such as absorption spectrum or refraction
index, along the two directions in the resulting crystals. In tetragonal crystals the
crystallographic axes are identical to the optical axes. The crystallographic axes are
identified with the letters (x, y, z). In particular, for the YLF, the correspondence
14
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between the axes would be x = y = a and z = c. A detailed list of the properties of
the YLF matrix, including dimensions of the cell and refraction indices along the axes,
is reported in Table 1.1.
Crystal structure Tetragonal
Symmetry I41/a
Lattice parameters (nm) a = 0.5155
c = 1.068
Transparency window (µm) 0.18÷ 6.7
Phonon energy
(
cm−1
)
440
Refractive indices no = 1.45
(at 1µm) ne = 1.47
Density
(
g/cm3
)
3.99
Mohs hardness 4÷ 5
Microhardness (Knoop) 300
Melting point (◦C) 819
Thermal conductivity (W/mK) 6.3
Thermal expansion 13.3 (‖ c)
coefficient
(
10−6K
)
−1
8.3 (⊥ c)
Specific heat (J/gK) 0.79
Table 1.1: Main optical and physical properties of the YLF crystal [9, 10].
The primitive cell contains four molecules inside. Rare earth ions replace the Yt-
trium atoms, with point symmetry S4 and coordination number equal to 8. A picture
of the resulting unit cell is shown in Figure 1.6. The crystallographic space symmetry
group is I41/a, in Hermann-Mauguin notation. This symbol represents the lattice type,
identified by the letter I, which stands for body centered (from the German “Innenzen-
triert”) and all the transformations that leave the fundamental structure unchanged. In
this case, 41 indicates a screw axis symmetry: the crystal is invariant under a rotation
of 90◦ (360◦/4) followed by a translation of half the lattice vector. This property im-
plies translational symmetry with a vector which is four times that used in the screw
displacement (in this case, twice the lattice vector). The /a specifies a glide plane,
which means that the structure stays the same after a combination of a translation, of
half the lattice vector along an a axis, and of a reflection in that plane.
1.4 YTTERBIUM TRIVALENT ION IN YLF CRYSTAL
Ytterbium (Yb) is the fourteenth element in the lanthanide series, with an atomic
number of 70. As stated before, only the trivalent ion form is useful for optical appli-
cations. In this state, the ion has the electronic configuration of Xenon, plus thirteen
electrons in the 4f level
(
[Xe]4f13
)
. Thus, the Yb3+ ion needs only one electron to fill
its external shell, enhancing its stability. This property leads to label the vacancy of
15
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one electron of the Yb3+ ion as a hole, hence is, in literature, is usually stated that the
Yb3+ ion has one hole, instead of thirteen electrons.
Figure 1.6: Lithium Yttrium fluoride unit cell representation.
This peculiar configuration causes the distinctive energy level structure of the Yb3+
ion, which has only two energy levels in the free state. It can be seen from Figure 1.2
that only Ytterbium and Cerium (which has one electron in the 4f shell) exhibit this
structure, very different from the complex structures of all the other rare earth trivalent
ions. Since S = 1/2, these two levels are named, with energies in ascending order, 2F7/2
(with degeneracy 4) and 2F5/2 (with degeneracy 3). The splitting between these two
levels is produced only by the spin-orbit interaction (see Paragraph 1.1.1) and has the
order of magnitude of 10000 cm−1, equivalent to an optical transition of about 1000
nm, in the near infrared region. The Coulomb interaction has no effect because of the
presence of only one hole.
When Ytterbium is inserted inside a YLF matrix, the resulting compound is usually
labeled with the notation Yb:YLF, sometimes indicating also the doping concentration,
in molar percentage with respect to the replaced Yttrium ions. The two Ytterbium
levels are additionally split by the crystal field interaction (see Paragraph 1.1.2) which,
since N = 13 is odd, creates only two-fold degenerate levels. Therefore, the 2F7/2
manifold contains 4 Stark sublevels, while the 2F5/2 contains 3. The level structure of
Yb3+ ion in a YLF matrix is shown in Figure 1.7. The large separation between the
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two manifolds, combined with the host’s low phonon energy, ensures that only optical
transitions can happen between Stark sublevels of two different multiplets. Anyway,
as seen before, phonons are very efficient in relaxing energy inside the same manifold.
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Figure 1.7: Energy levels of a trivalent Ytterbium ion inside a YLF crystal.
This simple structure leads to properties that are very interesting for optical appli-
cations. Since there are no upper levels, cooperative quadratic processes (described in
Paragraph 1.2.3) between near Ytterbium ions are impossible. Excited state absorp-
tion is also excluded. This causes a higher quantum efficiency of Yb3+ doped devices,
compared to other rare earth based systems. Emission and absorption bands show a
large overlap, allowing wide wavelength tunability ranges, high power efficiencies and
short pulse generation capabilities.
However, the external electronic configuration of Yb3+ causes also a drawback. This
ion needs only one electron to close its 4f shell, which means that the Yb2+ ion is more
stable than the trivalent one, even if it is less common in nature. Thus, Ytterbium can
also form compounds in the +2 oxidation state, which does not have narrow absorption
and emission lines, but instead exhibits very broad bands. This can be easily seen in
Figure 1.8, in which a pure Yb3+:YLF crystal is compared with a Yb2+ contaminated
one. The trivalent state, because of the level structure described before, absorb and
emits in the near infrared, thus is completely transparent. On the other side, the
divalent ion has much broader absorption bands, extending also in the visible, which
is evident from its bright red color. The presence of the Yb2+ can hinder, or even
suppress, the performances of a Ytterbium based device. For this reason, during the
crystal growth, the formation of such oxidation state must be avoided, fighting against
the tendency of the Yb3+ ion to acquire an electron. Therefore, a particular care shall
be applied to grow crystals doped with Ytterbium.
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Figure 1.8: Effect of the reduction of Ytterbium on the resulting crystals. Both samples were
doped with Ytterbium, the one on the right contains only Yb3+ ions, while the one on the left
was affected by reduction during its growth and contains mostly Yb2+ ions.
1.5 ABSORPTION AND EMISSION CROSS SECTIONS
In rare earth doped crystals, the evaluation of the goodness of a transition for optical
applications is crucial. To estimate this efficiency and compare it between different
crystals, two quantities can be introduced from measurements: absorption and emission
cross sections. Absorption cross section can be estimated by the definition of it, as
σabs (λ) =
α (λ)
ρions
= α(λ)
(
d
Nc
a2 c
)
−1
(1.6)
where α(λ) is the absorption coefficient of the crystal, ρions is the density of doping
ions inside the matrix, defined as the doping concentration d, times the number of
doping ions per cell Nc (4 for the YLF cell) and divided by the volume of the cell (in
the case of YLF, a parallelepiped, a and c are the lengths of the namesake axes).
The stimulated emission cross section, instead, is defined as the intensity gain in a
laser beam that crosses a crystal, divided by the population inversion density inside the
medium, when no saturation nor ESA processes occur [11]. There are several techniques
to evaluate this cross section from the emission spectra, the main two possibilities
include the reciprocity method, which connects absorption and emission shapes, and
the β − τ method.
The reciprocity method uses the principle of detailed balance, resulting in [12]
σem(λ) = σabs(λ)
Zd
Zu
exp
(
Ezpl − hc/λ
kT
)
(1.7)
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where Ezpl is the energy of the zero phonon line, i.e. the transition between the lowest
sublevels of the two manifolds, and Zd and Zu are the partition functions of ground
and excited manifolds, defined as
Zm =
∑
k
gk exp
(
− Ek
kB T
)
with the index k running on the sublevels of the manifold m, the sublevel degeneracy
gk and the energy of the sublevel Ek, measured from the lowest one of the manifold.
The β − τ method derives the emission cross section from the fluorescence spectra
and the radiative lifetime of the excited manifold, hence the name, as [13]
σem,p(λ) =
λ5
8π c n2 τR
1
3
∑
s
[∫
λ′I
(em)
s (λ′)dλ′
] I(em)p (λ) (1.8)
where n is the index of refraction of the crystal, Iemp are the fluorescence spectra, p
indicates the polarization axis and the index s runs on all the polarizations.
These two procedures are both employed during the characterization of a mate-
rial for optical applications [14]. The reciprocity takes into account the effect of re-
absorption of the radiation inside the crystal. Usually, the reciprocity gives right results
only for small wavelengths, while the β − τ method is more accurate in the long wave-
lengths region: in this sense the two techniques are complementary [15]. It is worth
noting that the reciprocity can be applied also in the opposite way, calculating the
absorption cross section from the emission one, by inverting equation (1.7). In this
case, the resulting absorption cross section will be correct only for wavelength longer
than the zero phonon line one.
19
1 – RARE EARTH IONS AND CRYSTAL HOSTS
20
2 | OPTICAL REFRIGERATION THEORY
The cooling of solids with lasers, or optical refrigeration, is a rapidly growing field of
study, interesting both to further investigate the interaction between coherent light
and condensed matter, and to potentially provide the basis for new types of cryogenic
systems. This denomination indicates all the techniques that use lasers to cause light
re-emission with mean energy higher than the input, extracting the difference from
vibrational degrees of freedom of the solid. These processes are different from the,
more known, laser cooling procedures, which employ counterpropagating beams to
trap and slow down atoms in a dilute gas, making them lose their thermal energy [16].
This chapter, after a brief historical introduction, describes a physical model for optical
refrigeration in rare earth doped crystals.
2.1 A BIT OF HISTORY
At the beginning of methodic studies of light, in the 19th century, it was widely believed
that the light generated by an object, as a result of incident radiation (called fluores-
cence), would have had to have a wavelength longer than the exciting one. This idea
was so well established in the scientific community that it was considered a physical
fundamental principle, named “Stokes’ law”. Soon enough, though, several exceptions
to this law were found and discussed. It was noticed that if, in a given substance, there
is an overlap between its absorption and emission spectra, then it will exist at least an
incoming wavelength that will cause fluorescence with energy higher than the pump [17]
(see Figure 2.1). Radiation coming from these processes was called “anti-Stokes fluo-
rescence”, because it acted against the aforementioned law. By the beginning of the
20th century the issue was settled and the Stokes’ law was abandoned. After the dis-
covery of Raman effect, it was understood that the extra amount of energy, required by
the anti-Stokes fluorescence, was coming from the thermal excitations of the material,
depopulating its vibrational states.
In 1929, nearly thirty years before the invention of the laser, Peter Pringsheim
suggested that materials could be cooled through anti-Stokes fluorescence [18]. A pas-
sionate discussion between him and other contemporary physicists followed, debating
on the feasibility of the process proposed by Pringsheim. Strong objections regarded
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Figure 2.1: When absorption and emission spectra overlay, the object can be excited with
radiation in the shaded blue region, causing the emission of anti-Stokes fluorescence. λf is the
mean emission wavelength of the material.
a possible violation of the second law of thermodynamics, suggesting that this mech-
anism would have transfer heat from a colder to a warmer body, without any other
change. Eventually, in 1946, Landau demonstrated that the cooling effect is thermo-
dynamically allowed, because of the entropy difference between the incoming radiation
and the outgoing fluorescence [19].
Since then, several attempts to achieve cooling via anti-Stokes fluorescence were
made. The first demonstration of a net effect was published in 1981, by Djeu and
Whitney, who showed a drop of 1 K in a low pressure CO2 gas [20]. Optical refrig-
eration of solids was performed for the first time by Epstein et al., in a sample of a
fluorozirconate ZBLAN glass doped with Ytterbium trivalent ions [21]. Nowadays, re-
searches in this field are directed toward high purity crystalline solids, such as fluorides.
Recently, Seletskiy et al.,at the University of New Mexico, characterized a sample of
5% doped Yb:YLF grown in 2006 at the NMLA laboratories in Pisa [22]. In 2013,
they reached a steady state at 119 K, below the NIST-defined cryogenic temperature
of 123 K, so far the coldest point achieved by any anti-Stokes refrigerated system [23].
Finally, also in 2013, optical refrigeration was observed for the first time in a semicon-
ductor. Zhang et al., at the University of Singapore, achieved a net cooling effect in
Cadmium sulphide nanobelts, with a temperature drop of about 40 K [24].
2.2 THE QUASI-TWO LEVELS MODEL
In this section, a model for optical refrigeration, based on the work of Hoyt et al., is
discussed [25]. Consider a transparent host doped with impurities that have two broad
energy levels, such as two Stark manifolds of rare earth trivalent ions inside a crystal.
As written in Chapter 1, the sublevels are populated by thermal excitations inside the
solid, following a Boltzmann distribution. When the sample is pumped with a radiation
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in the higher wavelengths tail of its absorption spectrum, only ions with higher energy,
i.e. in the top of the ground manifold, can absorb light. These ions, after absorbing a
photon, reach the bottom of the excited state and thermalize quickly within it, filling
some higher sublevels and subtracting energy from the crystal via absorbing phonons.
Then, these ions decay through spontaneous emission. The wavelength of the emitted
photon will distribute as the emission spectrum of the sample, with a mean value,
called mean emission wavelength, given by
λf =
∫
λ I(λ) dλ∫
I(λ) dλ
(2.1)
where I(λ) is the emission spectrum function. As soon as the ions reach the lower state,
they thermalize again and populate the manifold according the Boltzmann statistics,
taking again energy from the lattice. A scheme of this cycle is shown in Figure 2.2.
Λ Λ f
Figure 2.2: Layout of the cooling mechanism in a system with two manifolds.
If the pump wavelength λ is larger than λf , the system will exhibit anti-Stokes
fluorescence, because the emitted light will have, on average, an energy higher than
the incoming one. These cooling mechanism have been proposed for the levels of several
rare earth elements. A scheme of the theorized processes is shown in Figure 2.3. So far,
optical refrigeration based on rare earths has been observed only in samples doped with
Ytterbium, Erbium [26] or Thulium [25]. Ytterbium was the element of choice for this
thesis, because its level structure prevents all the energy conversion processes. All the
other rare earths listed in Figure 2.3, indeed, are affected by these phenomena, outlined
in Paragraph 1.2.3, that shrink the number of ions involved in the refrigeration and
reduce the cooling performance. Those mechanisms are the main reason why optical
refrigeration have not been observed with all the suitable dopants yet.
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Figure 2.3: Diagram of all the proposed transitions for optical refrigeration inside materials
doped with rare earth trivalent ions.
2.2.1 Cooling efficiency
In the ideal case, every escaping photon takes away energy from the crystal, because
of the difference between the photon energy in the pump hν = hc/λ and the photon
energy in the mean fluorescence hνf = hc/λf . Therefore, the ideal cooling efficiency of
this process, defined as the ratio between the heat lift power (Pcool) and the absorbed
power (Pabs), is
ηc =
Pcool
Pabs
=
hνf − hν
hν
=
λ− λf
λf
(2.2)
With this definition, positive values of ηc indicate wavelength regions in which the
crystal would cool down.
A more realistic approach must take into account the presence of non radiative
decays, relaxing the requirement that the number of emitted photons is equal to the
number of absorbed photons. Furthermore, because of the needed overlap between
the two bands, fluorescence photons can be re-absorbed inside the host, trapping the
outgoing radiation and preventing energy removal. Moreover, incoming light could
be absorbed by unwanted residual impurities, instead that by dopant ions. All these
mechanisms reduce the conversion probability of an absorbed photon into an escaped
fluorescence photon, and contribute to heat the sample.
Considering only the ground level and the first excited level, a rate equation for the
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population of the excited state N1 can be written as
N˙1 = Pions
λ
hc
− N1
τR
− N1
τNR
+ (1− ηout) N1
τR
(2.3)
where Pions is the power absorbed by the ions with the aforementioned level configu-
ration, τR and τNR are the radiative and the non radiative lifetime respectively, and
(1− ηout) is the fraction of emitted photons trapped inside the solid. The power ab-
sorbed by the dopants is equal to Pions = Pin
[
1− e−α(λ) l], where Pin is the input
power, α(λ) is the absorption coefficient of the doping ions and l is the length of the
sample.
As discussed before, some power will also be absorbed by the background impurities
or will be scattered and lost. The amount of this dissipated power is indicated as Pback
and is assumed to be independent from the pump wavelength, i.e. the corresponding
absorption coefficient αb is uniform with respect to λ. Thus, the total power absorbed
by the sample is Pabs = Pions + Pback. With these assumptions, the power transferred
from the input radiation to the crystal can be written as
Ptransf = Pions + Pback − ηout N1
τR
hc
λf
(2.4)
When this quantity is less than zero, the sample releases more energy than it takes,
leading to a net cooling effect. In this case, which is discussed henceforth, −Ptransf
is denoted as Pcool and indicates the power subtracted from the crystal in the form of
heat.
By putting together equations (2.3) and (2.4), looking for a steady state
(
N˙1 = 0
)
,
the obtained cooling power of the sample is
Pcool = −Ptransf = −Pions − Pback + Pions λ
λf
(
ηout τR
ηout τNR + τR
)
(2.5)
This equation can be rewritten by defining the external quantum efficiency ηext, or
EQE, as
ηext =
ηout τR
ηout τNR + τR
(2.6)
which describes the probability that an excited ion will emit a photon that escapes
from the crystal without being re-absorbed. Therefore, equation (2.5) becomes
Pcool = Pabs
(
ηext
Pions
Pabs
λ
λf
− 1
)
= Pabs
{
ηext
[
1 +
αb
α(λ)
]
−1( λ
λf
)
− 1
}
(2.7)
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and the cooling efficiency, by making use of the (2.2), is
ηc = ηext
[
1 +
αb
α(λ)
]
−1( λ
λf
)
− 1 (2.8)
The introduction of the parameters αb and ηext cause a diminution of the cooling
effect both in size and in the range of allowed wavelengths. Extraction of the fluo-
rescence from the sample is critical, because it contains the energy withdrawn by the
cooling cycle, but also because an hypothetical re-absorption will cause a temperature
increase. Figure 2.4 shows that, for typical values of the other parameters, a suitable
crystal must have an external quantum efficiency greater than 96% to achieve cooling.
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Figure 2.4: Influence of the parameters ηext and αb on optical refrigeration, calculated for a
system pumped at 1030 nm, with λf = 995 nm and α = 0.06 cm
−1.
Ideally, as can be inferred from equation (2.2), the temperature of the system should
fall when pumped with any wavelength longer than λf . However, the absorption of
the doping ions decreases at long wavelengths, while the background absorption keeps
removing ions from the cooling cycle, reducing the amount of heat transferred. At some
point, the impurities subtract too many photons with respect to those absorbed by the
ions, until the crystal starts to heat. A theoretical plot of the cooling efficiency, based
on the spectra shown in Figure 2.1, calculated for several background absorptions, is
shown in Figure 2.5a. It can be inferred that, in cooling samples, αb cannot exceed
a percent of the dopant absorption coefficient at the mean emission wavelength. The
combined detrimental effects of the two parameters can be seen in Figure 2.5b. The
introduction of the background absorption increased the minimum value of ηext to 97%.
Such tight constraints on the parameters made impossible to realize cooling in
practice for many years, although both theory and lasers sources were available at
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the time. More than thirty years of material science had to be waited to reach the
necessary purity in the samples and meet these requirements.
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(a) Variation of the background absorption αb with ηext = 0.99 .
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(b) Variation of the external quantum efficiency ηext with αb = 4 · 10−4 cm−1.
Figure 2.5: Calculated plots of cooling efficiency for a two levels system with λf = 995 nm and
several values of the parameters αb and ηext. The absorption coefficient, at λf , is 0.06 cm
−1.
This hypothetical system will cool down when pumped in the blue regions.
2.2.2 Steady state equilibrium
If the sample is pumped in the cooling region, its temperature will decrease until it
reaches an equilibrium with the surrounding environment. When this condition is met,
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the cooling power described by equation (2.5) must balance the total heat load on the
crystal. The system will reach a different steady state, with a temperature lower than
the room. Heat transfer from the exterior to the sample is due to conductive, convective
and radiative transfers. In order to enhance cooling performances during experiments,
these contributions need to be minimized. Usually, refrigeration measurements are car-
ried out with samples placed on low contact holders and inside high vacuum chambers,
in order to remove the first two loads. Thus, the radiative contribution is dominant
and can be modeled as blackbody radiation coming from the chamber, as
Pload =
ǫsAs
1 + χ
σSB
(
T 4c − T 4s
)
(2.9)
where the subscripts c and s indicate the chamber and the sample respectively, T is
the temperature, σSB is the Stefan-Boltzmann constant, ǫ is the emissivity, A is the
area and χ = (ǫsAs/ǫcAc)(1− ǫc).
As stated before, at the equilibrium the cooling power is equal to the heat load.
Considering together equations (2.7), (2.8) and (2.9), this condition is equivalent to
ηc Pabs =
ǫsAs
1 + χ
σSB
(
T 4c − T 4s
)
which, remembering that both ηc and Pabs are functions of wavelength and temperature,
becomes
ηc(λ, Ts)Pabs(λ, Ts) = κ
(
T 4c − T 4s
)
(2.10)
where the factor
κ =
ǫsAs
1 + χ
σSB (2.11)
does not depend from wavelength and temperature, and includes all the geometrical
and thermodynamical properties of the experimental setup.
Taking a closer look to equation (2.10) is useful to decide how a cooling experiment
should be designed. Concerning the geometry, it is clear that a longer sample absorbs
more input power, so it will cool more than a shorter one. However, the smaller the
area of the crystal, the lower the blackbody heat load on it will be. Thus, samples for
cooling should be much longer in one direction than in the other two. Suitable shapes
are the cylinder and the parallelepiped. Also, χ includes the the ratio between the two
areas As/Ac, which should be kept close to unity.
About the thermodynamics of the system, materials with low emissivity should be
preferred in general, both for the chamber and the sample, to reduce the heat transfers.
Yet, the sample cannot be darkened or shielded in other ways because anti-Stokes
fluorescence have to escape successfully from the crystal. Therefore, in common setups,
the walls of the chamber are treated to have much lower emissivity than the crystal,
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reducing the blackbody load from the environment. These requirements suggest, as
the best option for optical refrigeration chambers, the use of tight-fitting clamshells,
designed to contains only the crystal, with inner walls coated using low emissivity
films [27].
Figure 2.6: Cooling efficiency ηc of a 5% Yb:YLF crystal as a function of pump wavelength
and sample’s temperature. Data courtesy of D. Seletskiy, published in [22].
Equation (2.10) allows to calculate, using the absorption spectrum and the pa-
rameters introduced before, how much a sample will cool when pumped with a given
power. Both absorption and emission bands of rare earth trivalent ions shrink when
the temperature is decreased, because of the depletion of phonons, that populates the
manifolds. Therefore, the overlap between the spectra, a necessary condition to achieve
cooling, reduces at lower temperatures, decreasing the efficiency and also narrowing the
suitable pump wavelength range. Ultimately, a temperature for which the sample does
not absorb enough power to cool down, compared with losses, is reached and the crys-
tal starts to heat. Hence, any optical refrigeration system has a Minimum Achievable
Temperature (MAT), which depends heavily on the host, the geometry and the dop-
ing chosen for the particular sample. For illustrative purposes, Figure 2.6 reports the
behavior of ηc(λ, T ), at several temperatures and wavelengths, for a 5% Yb:YLF sam-
ple grown at NMLA laboratories in Pisa, analyzed at University of New Mexico by
Seletskiy et al. The MAT is clearly visible as the minimum of the white curve, at the
frontier between blueish (cooling) and reddish (heating) regions, and for that sample
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was around 110 K at 1020 nm.
If the temperature difference between the chamber and the sample is small enough,
equation (2.10) can be approximated as
ηc(λ, Ts)Pabs(λ, Ts) ≈ κ 4T 4c (Tc − Ts) = k∆T (2.12)
where ∆T is the temperature jump and k is the previously defined constant κ, renor-
malized to include the factor given by this low temperature gap expansion.
2.2.3 Time variation of temperature
Including thermodynamics of the system into the aforementioned equilibrium calcu-
lations allow to derive how the temperature drifts, from the chamber start point, to
the final steady state value. From energy conservation, the heat flow between the
environment and the crystal is [28]
C dTs = (Pload − Pcool) dt
where C is the heat capacity of the sample. Inserting powers from equations (2.2),
(2.9) and (2.11) leads to
dTs
dt
=
κ
C
[
T 4c − T 4s (t)
]− ηc Pabs
C
which, for small temperature changes, can be expanded as did for equation (2.12),
neglecting the dependance from temperature of the absorbed power and of the cooling
efficiency. The result of this procedure is
dTs
dt
= −d(∆T )
dt
≈ k
C
∆T (t)− ηc Pabs
C
(2.13)
Assuming that at the time t = 0 the sample and the chamber were at the same
temperature, i.e. ∆T (0) = 0, the differential equation (2.13) can be solved as
∆T (t) =
Pabs ηc
k
[
1− e−(k/C) t
]
(2.14)
Therefore, the evolution of temperature difference follows an exponential growth1
with an asymptote corresponding to the steady state equilibrium evaluated before
(check that equation (2.12) is the limit for t→∞ of the solution just found) and with
a characteristic time that depends on the geometrical specifications of the experiment.
1Note that, because of the way both ηc and ∆T are defined, ∆T increases if the temperature of
the sample decreases. This is consistent with the equilibrium equation (2.10), where positive cooling
powers occur for positive values of ∆T .
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2.3 ADVANTAGES AND IMPLEMENTATIONS
The main application of the earlier described process is an optical cooler device (from
now on called anti-Stokes cryocooler, or ASC). In principle, these devices are plainly
designed around three components: the optical medium, capable of anti-Stokes fluores-
cence and heat lift generation; a suitable laser pump source, usually a diode mounted
outside the cooler, that illuminates the medium; and a connection material, ideally with
high thermal conductivity and low absorption of the escaping fluorescence, that puts
in contact the cooler with the load. ASCs conceived in this way have all solid-state
components, no moving parts and expected continuous operating lifetime of several
years.
The lack of moving parts causes the ASCs to be completely vibration-free, an
advantage that allows their use where stability is a key factor, as inside cooled image
acquisition systems. In addition to that, the stillness of an ASC can be exploit to
integrate closer the cooler and the dissipating device, without any further isolation
system needed, increasing the overall cooling efficiency. The solid-state nature of ASCs
enables the fabrication of devices with lifetimes longer than ten years. ASCs are not
influenced by external electromagnetic fields nor they produce any electromagnetic
noise. Thus, they can be integrated inside sensors operating with electromagnetic
probes.
It should be noted that cooling devices without moving parts already exist, they
are commercially available and they are widely used to cool small loads that need to
stay still. Such systems are called thermoelectric cryocoolers (or TECs) and are based
on the Peltier effect, which exploits the net passage of heat between the two sides of a
heterogeneous junction carrying an electrical current. As well as ASCs, TECs show no
vibrations. All the insulation properties described before apply to them, too. TECs,
also, have operation lifetimes with the order of magnitude of decades.
However, because of the electrical nature of the cooling mechanism, TECs cannot
be used near strong electromagnetic fields or where electromagnetic noise reduction
is critical, while ASCs can. Also, Peltier effect efficiency decreases rapidly at low
temperatures. TECs are more efficient than ASCs only if the difference between the
hot and cold area is smaller than 60 K. For larger heat jumps, and in any case at
temperatures below 190 K where Peltier effect does not work at all, ASCs are the only
solid-state refrigerators available at the moment. These working ranges are shown in
Figure 2.7.
Since TECs require only the dissipating junction and a current generator, devices
can usually be smaller and lighter than ASCs. However, depending on the power
extraction required and the temperature working range, there are some cases in which
ASCs are indeed more compact then equivalent TECs. For example, an ASC will likely
31
2 – OPTICAL REFRIGERATION THEORY
have a lower overall mass than a corresponding TEC when the heat lift needed is fewer
than 1 W and the temperature varies between 80 and 220 K [29].
Figure 2.7: Approximate working regions for several cooling devices [30].
The primary field in which motionless solid-state cryocoolers are employed is space
exploration. As said before, absence of vibrations, stability over years and lightweight
are peculiar characteristics of these devices and are very important for space-based
applications. Currently, TECs are used to cool down silicon devices and acquisition
detectors inside imaging satellites and other orbiters. As soon as ASCs are perfected,
they could allow engineers to design systems that operate at lower temperatures than
now, or that could generate or analyze electromagnetic fields or both, without inter-
ferences from the Peltier junction.
Stable coolers are interesting here on Earth too. It has been suggested to exploit
ASCs to improve performances of new generation interferometric gravitational wave
detectors, as the Laser Interferometer Gravitational-wave Observatory (LIGO) sites of
Hanford, WA and Livingston, LA in the United States; or as VIRGO interferometer,
located near Pisa. Among all the noises that these very complex and enormous detec-
tors face off every day, thermal contributions are the hardest to reduce, unless a way
to cool the end mirrors is found, without alter the distance measurements. By cooling
the hooks of the suspension wires of the mirrors, using some ASCs, this noise could be
lowered, allowing an increase of the sensitivity of the detectors [31].
Last, but not least, nowadays most laser active media are made of materials that,
conveniently doped, could be capable of optical refrigeration. Solid-state lasers are
available with average powers up to hundreds of watts, mainly limited by the ther-
mal stress damage threshold of the amplifier. Increasing the average power further is
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difficult, without affecting dramatically the output beam quality or even harming the
active medium. Bowman proposed to use anti-Stokes fluorescence to decrease the heat
load of the gain medium in an operating laser. In this way, the crystal would use a
fraction of the pump energy to emit laser, and the rest to fluoresce in the anti-Stokes
region, contributing to its cooling in addition to conventional systems, such as water
pumps. Hopefully, relying on this mechanism, it will be possible to build solid-state
lasers with higher power thresholds [32].
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In order to investigate optical refrigeration properties of Yb:YLF crystals, very high pu-
rity and faultless samples must be grown. Several techniques are available to achieve
these two goals. The one that better fits required sizes, composition stability and
structural periodicity is the Czochralski method. All the crystal analyzed in this work
were grown at the New Materials for Laser Applications (NMLA) laboratories, in Pisa.
Three Czochralski furnaces are available, one especially dedicated to the growth of
Ytterbium-doped fluoride crystals. In this chapter, a brief explanation of the Czochral-
ski technique, of the furnace design and of the sample preparation for cooling experi-
ments is delineated.
3.1 THE CZOCHRALSKI METHOD
The Czochralski technique is a process of crystal growth commonly used for the pro-
duction of single crystals of semiconductors, synthetic gemstones, oxides and fluorides
for many applications [33]. This procedure allows to obtain structures free from de-
fects, with very good mechanical properties and large sizes (usually centimeters). A
principle diagram is shown in Figure 3.1. Usually, raw materials are stored in powder
form. During the preparation of the growth, a precise amount of doping powders can
be added to the matrix components to achieve the required molar concentration. The
mixture obtained is inserted in a crucible, put inside a furnace with resistive heating,
brought to its melting temperature and then cooled by a few degrees. Thus, the melt
reaches a phase called undercooled liquid, in which it is below its freezing point, and
tends to crystallize. A proper oriented crystal with the same matrix, called seed, is
lowered into the melt while rotating at slow speed, providing a nucleation center around
which the crystal can form. After the application a very slow pull force in the upward
direction, the crystal grows, at a pace between 0.5 and 1 mm/hour, with an elliptic,
almost cylindrical section. A slow growth rate must be kept to avoid the formation
of dislocations and other faults inside the crystal. The cylindrical shape is due to the
rotation of the nucleation site, which also keeps the melt well mixed and reduces the
effects of temperature differences.
The initial temperature of the melt is crucial. If it is too high, it will prevent
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Figure 3.1: Scheme of a furnace based on the Czochralski principle.
crystallization and even melt the seed right after the contact. Oppositely, when the
temperature is too low, the melt can freeze before the growth start. Moreover, even
if the system stays in a undercooled liquid form, but with a temperature lower than
nominal, it could rapidly and abruptly solidifies when the seed is put in contact, creat-
ing a disordered structure, useless for optical applications. When the melt temperature
is right and the contact is made, the surface of the liquid curves around the plunged
seed, climbing upon its facets or diving beneath them. The direction of this effect is
determined by the balance of adhesive and cohesive forces in the melt, and the curved
contact area, convex or concave, is called meniscus.
Tiny changes in the melt temperature can be applied to tune the diameter of the
growing crystal. If the temperature of the crucible rises, fewer atoms will be attracted
by the nucleating crystal and its diameter will shrink. Conversely, if the temperature
falls, nucleation will become energetically favorable in a larger area, thus increasing
the crystal diameter. Therefore, a continuous and precise temperature control of the
furnace is crucial to obtain a finished product with a uniform diameter.
To achieve the required purity, the furnace should be carefully cleaned from all the
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foreign contaminants before loading the raw powders. Needless to say, the crucible that
holds the melting materials must be made of a chemically inactive element or alloy,
with a fusion temperature higher than the one of the wanted crystal. The suitable
options are Platinum, Iridium, Molybdenum, Graphite and Tantalum, depending on
the needed temperature and purity. After the loading of the crucible, the system is
vacuumed at low pressures to further clean the growing atmosphere. An inert gas, such
as Argon, is then pumped inside the furnace to suppress evaporation from the melt,
which can lead to instabilities at low pressures and high temperatures.
If a seed with same lattice structure of the required crystal is missing, the growth can
be started from a Platinum string. When the string is put in contact with the melt, at
the right temperature, some atoms will start to freeze. Normally, this procedure causes
the formation of several, unrelated, nucleation centers. Therefore, the end product will
have a polycrystalline structure. A way to reduce this effect is called necking, and it
consists in shrinking as much as possible the diameter of the crystal at the beginning
of the growth. Thus, defects in the first part of the crystal will not propagate on the
other parts of the structure, potentially leading even to a monocrystalline lattice.
Once the growth is completed, either because of depletion of the powders or reach
of the desired sizes, the crystal is cooled down slowly, to avoid damages caused by
stress relaxations. The finished product, which has typically an elliptic section with
slightly different diameters, is called boule and must be physically characterized before
any optical analysis to ensure its pure, single crystal, structure.
3.2 THE FURNACE AT THE NMLA LABORATORIES
Following the Czochralski process guidelines described in the previous section, the
furnace built at NMLA laboratories in Pisa meets all the requirements necessary to
grow high purity fluoride crystals. A photograph of the system is shown in Figure 3.2.
The whole environment is separated into two parts, the main kiln, below, in which the
growth takes place, and a smaller chamber, above, used to insert the seed and extract
the boule without alter temperature and pressure in the oven. The two compartments
are divided by a gate valve.
The main environment is covered by a spherical cap, which has three windows,
designed to look at the melt and at the growing crystal. The heating system is installed
on the bottom of the oven, made by a cylindrical graphite resistor that provides the
necessary heat via Joule effect. This heater can reach temperatures of about a thousand
Celsius degrees, needed to liquefy raw powders employed in the growth of fluoride
materials. Moreover, a precise control on the current in the resistor reflects on a fine
tuning of the oven temperature, with fluctuations having the order of magnitude of a
hundredth of Celsius degree. Figure 3.3 shows this temperature stability in the furnace,
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over a timespan of thirty hours.
Figure 3.2: Picture of the Czochralski furnace at the NMLA laboratories, with labeled parts.
The crucible, containing the raw powders, is placed on a holder in the middle
of the resistor, to achieve a uniform temperature in the melt. A thin screen, made of
Molybdenum, surrounds the crucible, its holder and the whole heating system, limiting
the dispersion of warmth toward the outside. Several copper pipes, in which cold water
flows, are welded on the external side of the chamber, providing a cooling system that
insulates the kiln from the laboratory.
The primary chamber is connected to a high vacuum system that allows the reaching
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of pressures down to about 10−6 Pa
(
10−8 mbar
)
. Multiple gases, coming from nearby
tanks, can also be fluxed inside the oven. This is particularly useful to create the
inert environment, usually Argon based, described in the previous section. The two
chambers have separate vacuum connections, thus can be independently emptied and
filled with different mixtures of gases when needed.
Figure 3.3: Temperature variation over thirty hours around the set value of 600◦ C.
Two stepper electric motors are fixed above the furnace, on two different holders.
The motor above is connected to a screw that can raise and lower the truck below. The
second motor is placed on this lower support, with a steel shaft attached. The crystal
seed is mounted at the other end of the shaft, which enters the vacuum environment
through a valve. The higher motor is employed to vary the height of the shaft with
respect to the crucible, allowing the plunge of the seed inside the melt and the pull of
the crystal, once the growth starts. The lower motor, instead, provides the rotation of
the shaft, needed to an homogeneous crystallization around the seed.
As stated above, temperature control of the melt is critical to maintain a steady
diameter of the crystal. In order to ensure stability during the growth, an active
feedback system continuously measures the size of the boule inside the furnace and
adjusts the temperature to counteract thickness fluctuations. The layout of this control
equipment is shown in Figure 3.4. A 670 nm diode laser, with a sufficiently large beam,
lights the meniscus at the solid-liquid interface, following any variation in the diameter
of the growing boule. The reflected light is collected by a CCD camera that acquires
eight frames for every crystal rotation, than the collected images are analyzed by a
software that calculates the current diameter from the apparent motion of the light
spot. If a change in size occurs, the program applies an inverse temperature gradient
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to keep the crystal width stable. This feedback loop, when operating in nominal
conditions and combined with the aforementioned temperature control capabilities,
allows a diameter stability within a tenth of a millimeter in the finished crystals.
Figure 3.4: Scheme of the diameter feedback read-out system.
3.3 YTTERBIUM-DOPED YLF GROWTH
As seen before, single crystals growth is a delicate process that requires a lot of simul-
taneous checks on many variables, a fine tuning on thermodynamic parameters and an
overall stability of the growing system. The procedure, depending on the materials,
on the environmental conditions and on the desired boule dimensions, usually requires
weeks to be completed, even months in some particularly cumbersome cases. In this
section, a scheme of the operations needed to grow a single crystal of Ytterbium-doped
Lithium Yttrium fluoride (in a more compact notation, Yb:YLF) is depicted.
First of all, the furnace should be completely cleaned to remove all the impurities
and all the compounds left by earlier growths. The inside of the kiln is washed with non
aggressive, chemically inactive, solutions, such as isopropyl alcohol. Then, after sealing
the oven, the system is heated up to a thousand Celsius degrees while drawing with
vacuum pumps, to further purify the inside by degassing all the possible contaminants.
This procedure is called baking.
Before continuing with the growth preparation, primary components for the wanted
matrix and doping level should be mixed. In this work, only reagents guaranteed to
be at least 99.999% pure have been used (the so-called 5 nines or 5N powders). These
parent compounds are stored, mixed and weighted inside a dry box, to avoid external
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contaminations, especially from air moist, which might introduce OH− ions in the
powders. These ions strongly react with the Fluorine, causing severe damages on the
optical performances of the crystal.
YF3 + YLF
LiF + YLF
YF3 + L
Liquid
AB
T
 (
K
)
Figure 3.5: Phase diagram of the LiF − YF3 binary system. The label A indicates a phase
with solid YLF mixed with liquid, while the label B stands for solid LiF and liquid [34].
The constituents of YLF are Lithium fluoride (LiF) and Yttrium fluoride (YF3). To
build a crystal, these powders have to be melted and then cooled slowly until crystal-
lization around a plunged seed becomes possible. Therefore, a complete knowledge of
the response of their mixtures at various temperatures and concentrations is necessary.
The pertaining phase diagram is reported in Figure 3.5, which shows the presence of
several phases [34]. On the left and right sizes there are the behaviors of the pure LiF
and YF3, respectively. It can be inferred that a YLF crystal does not melt uniformly,
through formation of liquid LiF and YF3 molecules, but instead only LiF fuses, in
the first place, while YF3 stays solid. This property is called incongruent melting and
requires a slight change in the percentage of the starting powders.
A phase with coexisting YLF crystal and homogeneous liquid, ideal for an under-
cooling state, extends from 21% to 49% molar concentration of YF3, labeled with A in
the phase diagram. In principle, crystal growth can occur within this whole range, but
usually an high concentration of YF3 is chosen, to maximize the temperature extension
of the melting phase and keep a ratio between compounds as close as possible to one.
In particular, the concentrations used were 47% of YF3 and 53% of LiF. A precise
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percentage of the YF3 is then removed and replaced with the dopant compound, in
this case Ytterbium fluoride (YbF3). Normally, low concentrations of dopant are added
(less than or equal to 10%), both to ensure the validity of the binary approach and
avoid the rise of cooperative mechanisms (see Paragraph 1.2.3) in the resulting crystal.
Figure 3.6: Thermal and diameter history of the growth of a 7.5% Ytterbium-doped YLF
crystal, internal collocation number 143, with a picture of the finished boule.
The crucible is loaded with the powders and placed inside the furnace, which is then
draw again with the pumps and filled with Argon. Remembering what was written in
Section 1.4, the Yb3+ ion shows a tendency to oxidize other materials and fill its octet,
causing the formation of Yb2+ ions, which have poor optical properties. If the furnace is
heated and the (YbF3) melts, almost all the trivalent Ytterbium ions inside the crucible
would irreversibly reduce, making the crystal worthless. Therefore, for the purpose
of contrasting and hindering this reaction, a small percentage of tetrafluoromethane
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gas (CF4) is pumped inside the kiln, together with Argon. At high temperatures, the
decomposition of CF4 releases Fluorine ions, creating a strong oxidant environment,
which prevents Yb3+ reduction.
Once the correct mixture of gases is inside the chamber, the furnace is heated to the
melting temperature of the powders, in this case above 820◦ C. The melt is cleaned with
a small network of Platinum wires, slowly plunged into the liquid to make impurities
crystallize around it, and then removed through the secondary chamber of the furnace.
When the melt looks clear, the seed is slowly lowered into it, while rotating at constant
speed. As soon as the contact is made, with the formation of the meniscus, the growth
procedure starts.
For the Yb:YLF crystals, the pulling speed was 0.5 mm/hour, leading to growth
times between six and eight days for each boule. Rotation speed was kept at 5 Rotations
Per Minute. Once the crystal is finished, the furnace is slowly cooled while the boule
is still pulled and rotated, to avoid thermal shocks. In Figure 3.6, temperature and
diameter history of a 7.5% Yb:YLF boule are reported, along with a picture of the
finished crystal. It can be seen that even slight changes in temperature can cause
massive diameter variations, with the order of magnitude of a millimeter every Celsius
degree.
3.4 ORIENTATION AND CUTTING
After the growth, the boule is extracted from the oven, through the secondary chamber
of the furnace. This product must be analyzed to ensure its periodical structure and
find its crystallographic axes. The method of choice to achieve both these results is
the Laue technique, which makes use of X-rays diffraction from the crystal. A scheme
of the experimental configuration is depicted in Figure 3.7. The X-ray beam, non
monochromatic, hits the crystal, which has a periodic lattice that acts as a diffraction
grating, hence it scatters the incoming radiation with a precise pattern. Since the
angle between the source and the scattered radiation is small, the diffraction is mainly
directed toward the X-ray source, hence this configuration is called back-scattering.
Therefore, the diffraction figure is collected by a sensor plate, placed between the
source and the crystal.
Once the sheet is exposed to the radiation, it contains the diffraction pattern that
has to be transferred to a computer for further analyses. The sensible layer of the
plate, after being hit by scattered X-rays, exhibits excited color centers, corresponding
to the points of the recorded pattern. These centers, when excited with red light, lose
their excitation energy via emitting in the blue region. This blue radiation, which
reproduces exactly the original X-ray diffraction pattern, but with visible light, can be
acquired using a camera and sent to a computer. After being exposed to red light, the
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sheet is erased and ready to store another image.
Figure 3.7: Principle of operation of the Laue back-scattering diffractometer.
The acquisition device is shown in Figure 3.8. The plate is inserted into a dedicated
joint, surrounded by a black cylinder that shields the sensor from the external light,
which could accidentally erase the sensible layer. All around the shield, on the inner
side, there are two circles of red LEDs, designed to light the sheet. On the other side
of the cylinder, a cooled CCD camera, coated by a filter for red light, collects the blue
fluorescence pattern [35].
Figure 3.8: Acquisition device for sensor plates used in X-rays diffractometries.
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An ideal diffraction pattern, knowing the crystal structure and symmetry group, can
be simulated via an appropriate software. In the first place, simulated and experimental
figures are compared to determine if the boule has a monocrystalline or polycrystalline
character. The presence of large spots or double dots instead of a single dot is due to
scattering from multiple staggered lattices, thus indicating a polycrystalline structure.
Instead, a clear pattern made of single, narrow dots implies that the boule has a single
lattice, hence it is a single crystal, more interesting for optical applications.
Figure 3.9: Acquired diffraction pattern and corresponding simulation.
Simulated diffraction patterns are also employed to find the crystallographic axes
orientation inside the boule. The calculated pattern has to be rotated until it corre-
sponds with the recorded scattering. When this happens, the angles simulated by the
software describe exactly the orientation of one axis of the crystal. A screenshot of a
rotated simulations that perfectly fit the crystal lattice is reported in Figure 3.9. The
YLF crystal, as written in Section 1.3, has two axes of equal length, called a, and a
slightly longer axis, labeled c. Usually, the diffraction procedure aims to find the c axis,
so the angles obtained after the orientation identify the direction of this axis inside the
boule. The other two a axes will laid in the plane orthogonal to the c axis.
During the orientation, the boule is fixed on a goniometric support, hence precise ro-
tations along all the three spatial directions are possible. After the first diffractometry,
the boule is rotated by the angles obtained from the program, then a second scattering
pattern is measured. If the previously orientation was correct, the simulation should
coincide with the experimental diffraction with no further rotations applied, indicating
that the c axis is aligned along the direction of the X-ray beam.
The oriented boule is ready for cutting samples of various sizes. A precision cutter,
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which uses a diamond wire, was employed to cut the crystals. Once the piece is
carved from the boule, its facets are polished to maximize reflectivity, hence ensuring
better quality for any optical application. The finished samples are observed with a
microscope, to verify the absence of defects at the surfaces and inside the crystal. The
scattering of a red laser inside the sample is also checked to ensure the crystal purity.
3.5 DESCRIPTION OF THE COOLING SAMPLES
All the samples for cooling applications were cut to a parallelepiped shape, with a side
much longer than the other two, almost equal, and having the edges aligned with the
crystallographic axes of the lattice. The c axis was kept parallel to one of the two short
edges, so that the other edge and the longer side contain the two a axes. For these
samples, all the six facets were polished to maximize the reflectivity. This is not the
usual procedure: for example, for laser applications, only the two smaller facets need
to be polished. A layout of the resulting crystal is shown in Figure 3.10.
c axis
h axis
l axis
Figure 3.10: Typical shape of a cooling sample. The axes are labeled according to what is
reported in Table 3.1.
Several growth of Yb:YLF were completed during this thesis work, at various dop-
ing concentrations, and one or more samples were cut from every boule. A list of the
prepared samples, with sizes and doping level, is reported in Table 3.1. For the sake
of clarity, the internal collocation number is reported too. The sample number distin-
guishes between different samples, if more than one were made from the same boule.
Sometimes, after the extraction of a boule, there are still enough powders left inside
the crucible to start a second growth. Hence, the boule column indicates the number
of the growth from which the sample was carved.
It is worth noting that the list includes only the samples specifically made for
cooling experiments. During this work many other samples, for every growth, were
cut for spectroscopical measurements, described in Chapter 4. Since the sizes and the
shapes of these samples can vary a lot, and since these values are not necessarily related
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to the performance of the crystal as an optical refrigerator, the list of these accessory
samples is not reported.
Coll. No. Crystal Boule l (mm) h (mm) c (mm)
77 - 5% Yb:YLF 1st 11.68 2.93 2.66
134 - 5% Yb:YLF 1st 7.96 2.71 2.82
136 I 7.5% Yb:YLF 1st 5.30 2.93 3.23
136 II 7.5% Yb:YLF 2nd 5.54 2.89 2.94
136 III 7.5% Yb:YLF 2nd 5.10 3.20 3.60
136 IV 7.5% Yb:YLF 1st 5.04 3.02 3.47
136 V 7.5% Yb:YLF 2nd 5.12 3.18 2.97
139 - 10% Yb:YLF 1st 4.80 2.86 3.34
143 - 7.5% Yb:YLF 1st 12.70 2.31 3.10
Table 3.1: List of the prepared samples.
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Before starting the cooling experiments, all the samples have to be characterized, mea-
suring their optical properties, that are absorption, steady state fluorescence and decay
time of the excited manifold. This step is fundamental to know if, for example, one
boule was damaged or contaminated in some way. Moreover, data resulting for the
spectroscopy are necessary to estimate the cooling efficiency, as indicated by equa-
tion (2.8). This chapter reports, firstly, a list of the instruments employed at NMLA
laboratories to carry out these measurements; then, a description of the experimental
setups employed for the different techniques, with some results appropriate for the
optical refrigeration characterization.
4.1 EXPERIMENTAL EQUIPMENT
A brief description of the devices necessary to measure the aforementioned quantities
is outlined in the following section. Please note that part of the hardware was also
used to take measurements described in the following chapters.
4.1.1 Laser sources
Many laser sources are available at NMLA laboratories to produce several wavelengths
at various powers. For this thesis work, laser diodes were the preferred choice, mainly
because of their portability and their slight tunability around a mean emission wave-
length, obtained by controlling the temperature of the junction. A list of all the
employed diode sources is reported in Table 4.1. Some diodes were mounted directly
with their packages, therefore they exhibit an emission polarized perpendicularly with
respect to the junction; others were coupled with an optical fiber, hence their emission
is almost unpolarized.
A diode-pumped solid-state (DPSS) laser, with a wavelength of 532 nm, was used
to cover the green region. This laser is based on a Neodymium-doped Yttrium ortho-
vanadate (Nd:YVO4) crystal, pumped with an infrared laser diode, and coupled with
a Potassium titanyl phosphate (KTP) crystal to duplicate the output. It is capable of
continuous wave operation with an output power of about 200 mW.
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Mean λ (nm) Power (mW) Package
940 280 9mm
980 1000 Fiber coupled
1024 1500 HHL
1050 790 9mm
Table 4.1: List of the laser diodes employed.
For the decay time measurements, a short pulsed source is required. In this case,
a homemade tunable Titanium-sapphire (Ti:Al2O3 or Ti:Sa) laser was chosen, with a
pulse duration of about 30 ns. The crystal was pumped by the second harmonic of
a 1.06 µm Q-switched Neodymium-doped Yttrium aluminum garnet (Nd:YAG) laser,
which was pumped by a flash lamp at a repetition rate of 10 Hz. The output pulse
wavelength could be tuned, via a sapphire prism, between 750 and 980 nm, with a
maximum pulse energy available of about 9 mJ.
4.1.2 Spectrum analyzers
In order to sample the fluorescence, the light outgoing from a crystal has to be divided
into the wavelengths from which it is made of. This task is achieved using monochro-
mators, devices capable of resolving spectral features of an incoming light beam. These
instruments, usually, contain an input slit, a diffraction grating and an output slit. The
fluorescence is focused, by a lens, through the input slit, which reduces the width of
the incoming beam. Then, the diffraction grating disperses the light at various angles,
proportionally to its wavelength. An electric motor rotates the grating, aligning it with
the output slit. A computer software controls the motor and, by moving the grating,
selects which input wavelength will exit from the output slit. To select a specific po-
larization, a Glan–Thompson polarizer can be inserted, when necessary, at the input
slit of the monochromator.
The spectral resolution of a monochromator, measured as full width at half maxi-
mum (FWHM) of the resolved peak, depends on the groove density of the grating and
on the width of the slits. The resolution increases for larger groove densities, but at
the expense of accessible spectral range and signal strength, and increases as well as
the slit width decreases, but with depletion of signal intensity. For a given grating,
because of the optical configuration of the monochromator, such as focus distance and
output angle, the device has a linear dispersion dλ/dx, which defines the length to
which a spectral interval is spread out across the focal field of a spectrometer. Lower
linear dispersions mean better device resolutions.
Two monochromators are available at NMLA laboratories: a Jobin Yvon TRIAX
320 and an ACTON SpectraPro 2300i. Both devices, besides the brand, have almost
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the same features. They have input and output slits adjustable from 0.01 mm to 3
mm wide. Both allow to select the diffraction grating between three alternatives: a
300 g/mm, with a scanning span of 1000− 6000 nm, blazed at 2000 nm; a 600 g/mm,
with a scanning span of 600− 1100 nm, blazed at 1000 nm; and a 1200 g/mm, with a
scanning span of 250− 1700 nm, blazed at 500 nm. These three gratings are suitable,
respectively, for the medium infrared, the near infrared and the visible range.
Model name dλ/dx
Jobin Yvon TRIAX 320 2.64 nm/mm
ACTON SpectraPro 2300i 2.7 nm/mm
Table 4.2: Linear dispersions of the monochromators available at NMLA laboratories, for the
1200 g/mm grating.
The linear dispersions of the two monochromators are provided by the manufacturer
for the 1200 g/mm grating, and are reported in Table 4.2. From these values, the
resolution R for a grating with groove density G, and for a slit width S is given by
R (nm) =
dλ
dx
∣∣∣∣
1200
· 1200 g/mm
G (g/mm)
· S (mm) (4.1)
4.1.3 Radiation detectors and signal amplifiers
The narrow bandwidth light, selected by the spectrum analyzers, has to be acquired
to measure its intensity, necessary to evaluate the spectrum of the radiation. Hence,
several detectors capable of collecting this fluorescence were used for this purpose.
Those sensor are put at the output slit of the monochromators. The detector was
chosen according to the wavelength region of the observed luminescence.
For the visible and the near infrared regions, a photomultiplier tube Hamamatsu
R943-02 was used. Its spectral response goes from 160 to 930 nm, with a sensitivity of
65 mA/W at 821 nm.
Instead, for the infrared region, an EG&G Judson Indium antimonide (InSb) detec-
tor (model no. J10D-M205-R04M-180) was employed. The operating temperature of
this sensor is 77 K, thus its container must be refrigerated with liquid Nitrogen before
use. The allowed bandwidth goes from 1 µm to 5.5 µm, with a sensitivity of 2.5 mA/W
at 5 µm.
Signal coming from these sensors has to be filtered and amplified before being sam-
pled. Usually, before entering into the monochromator, the outgoing light is modulated
in amplitude using a chopper, rotating at a frequency of 77 Hz. Therefore, the output
of the sensor has a pulsed waveform, which can be magnified via a lock-in amplifier.
In this case, the amplifier device was a Stanford Research System, model no. SR830,
which uses the chopper frequency as external reference signal. The integration time of
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the amplifier can be selected via the acquisition software.
4.1.4 Integrated devices
In addition to the aforementioned discrete devices, two fully functional integrated sys-
tems are currently in use at the NMLA laboratories.
The first instrument is a portable high-resolution USB fiber optic spectrometer,
built by Ocean Optics, model no. HR4000. This device includes all the previously de-
scribed elements in a compact, autonomous package. The fluorescence light is collected
by an optical fiber, which has two SMA connectors, and the signal is directly reported
on a computer, connected at the USB port of the spectrometer. It uses a linear CCD
array as detector, divided in 3648 pixels, with a spectral range of 200−1100 nm, and a
resolution of 1.1 nm FWHM. Of course, this detector is limited both in sensitivity and
resolution, when compared with the other monochromators. Instead, its key advan-
tage is the extreme portability, which allows to move it easily and use it in cluttered,
otherwise unaccessible, experimental setups.
The other integrated machine is a Varian Cary 500 spectrophotometer, which was
used to measure the absorption spectra of the samples. This device exploits a two
beams configuration to estimate the transmission difference, at various wavelengths,
between a reference path and the sample. A detailed description of this apparatus is
reported in Section 4.3.
4.1.5 Actively cooled mounts
Sometimes is necessary to acquire absorption or emission spectra at low temperatures.
In these cases, the sample should be cooled down and kept stable during the whole mea-
surement. To achieve this goal, two external homemade holders are available at NMLA
laboratories. The structure of these supports is almost the same, one is dedicated to
the absorption measurements, while the other is employed for the fluorescences. The
crystal is fixed, using a metal clamp, on the cold finger of a cryocooler, capable to
reach the temperature of 10 K. The support is connected to a resistor that can heat
the structure, hence the sample, to any temperature between 10 and 300 K. A ther-
mometer, connected to a dedicated controller, measures the temperature and keeps it
stable to any value desired.
The whole system is enclosed inside a sealed chamber, connected to a vacuum pump,
that empties the area around the sample down to pressures of 10−3 Pa
(
10−5 mbar
)
.
The chamber has four windows, including one made of CaF2, a material with high
transmission in the near infrared region, employed to transmit the light outgoing from
the sample. This vacuum cell is connected to a carriage that allows a precise placement
of the sample to align it with other detection instruments.
52
4.2 CALIBRATION OF THE ACQUISITION DETECTORS
4.2 CALIBRATION OF THE ACQUISITION DETECTORS
In order to ensure the working status and the reliability of all this equipment, wave-
length and intensity calibrations were carried out before the spectral measurements on
samples.
4.2.1 Wavelength calibrations
The monochromators rotate their grating using a specific relation, called calibration
function, between output angle and wavelength. However, because of hysteresis in the
electric motor or small displacements of the grating inside the device, the calibration
of the apparatus can drift over time. Therefore, a precise measurement of this transfer
function has to be taken to ensure its correctness.
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Figure 4.1: Fits of the resolved spectral lines of the calibration lamp, acquired with the
ACTON monochromator.
The principle of operation of this calibration procedure consists in illuminating the
detector with a narrow bandwidth source, which should have well known spectrum
lines, from literature or data-sheet; then comparing the measured wavelengths with
those reported in the documentation. Gas-discharge lamps are the ideal sources for
such techniques, thanks to their narrow lines at discrete, and well separated, energies.
Wavelength calibration was done for the monochromator ACTON SpectraPro 2300i
and for the portable spectrometer Ocean Optics HR4000. In the case of the monochro-
mator, a Neon spectral calibration lamp from Newport (model no. 6032) was used as
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source. The device was set with the 600 g/mm grating and both input and output slits
0.05 mm wide. In this configuration, according to equation (4.1), the monochromator
had a FWHM resolution of 0.3 nm.
Lamp λ (nm) Fit λ (nm) Fit σ (nm) Fit - Lamp λ (nm)
830.0 830.7 0.2 0.7
849.9 850.3 0.1 0.4
942.5 943.3 0.3 0.8
948.7 949.5 0.2 0.8
953.4 954.3 0.2 0.9
1056.2 1057.0 0.3 0.8
1084.5 1085.1 0.3 0.6
1114.3 1114.7 0.3 0.4
Table 4.3: List of wavelengths emitted by the lamp and results of the relative fit, from the
data measured with the ACTON monochromator.
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Figure 4.2: Displacement between the lamp lines and the ACTON monochromator.
Eight calibration lines, reported in the lamp’s data-sheet, were acquired and cor-
rectly resolved by the spectrometer. The resulting spectra, with a Gaussian fit of the
data, are shown in Figure 4.1. Wavelength values derived from the fits, with their
standard deviations, are compared with those from the data-sheet in Table 4.3. A plot
of the differences between the fit results and the emitted wavelengths is depicted in
Figure 4.2. It can be inferred from the data, that a net correction, between 0.4 and
1 nm, hence greater than the device resolution, should be applied to all the wavelengths
in the near infrared range to obtain correct results from the monochromator.
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The same procedure was applied to calibrate the portable spectrometer HR4000.
This device comes with an internal calibration function, provided by Ocean Optics,
which connects the pixels of the internal photodetector with the input wavelength
λp = I + C1 p+ C2 p
2 + C3 p
3 (4.2)
where p is the index of the lighted pixel, which, for this device, goes from 0 to 3647.
Lamp λ (nm) Pixel no. Lamp λ (nm) Pixel no.
253.65 213 760.913 2157
365.02 631 801.571 2319
404.66 780 852.112 2521
435.84 898 894.346 2693
455.526 973 917.223 2784
546.07 1316 920.84 2799
684.86 1848 1002.54 3132
689.47 1866 1012.41 3173
Table 4.4: List of wavelengths emitted by the lamps and relative pixel value from the HR4000.
Two spectral lamps were used, a Mercury-Argon spectral calibration lamp from
Newport (model no. 6035) and a Cesium lamp. In this case, because of the worse
spectral resolution of the device, it was impossible to fit the spectrum of the single
line. Actually, every line from the lamps corresponded almost exactly to a single pixel.
Recalibrate the spectrometer means to measure the pixel values of the source lines and
fit those with equation (4.2) to calculate the relative coefficients.
Ocean Optics Fit results
I 195.011679 195.171
C1 2.7061052 · 10−1 2.72463 · 10−1
C2 −3.706930 · 10−6 −4.23085 · 10−6
C3 −1.75991 · 10−10 −1.60759 · 10−10
Table 4.5: Calibration coefficients for the HR4000 provided by the manufacturer and values
obtained from the fit.
Measurements of the pixel values are reported in Table 4.4. The results of the fit
are shown in Figure 4.3 and in Table 4.5, where they are compared with the values
given by the original Ocean Optics calibration.
The correction for the whole spectral bandwidth of the HR4000 was calculated with
equation 4.2. The results are shown in Figure 4.4. It can be inferred from the plot
that real values of wavelength are between 0.2 and 1.8 nm longer than those measured
by the portable spectrometer.
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4.2.2 Intensity calibrations
The detectors used during the spectral measurements usually have a complicate re-
sponse function at several wavelengths. This behavior is mainly due to the sensing
mechanism of the detector, which is responsive to energy changes in the incoming
light. Filters or polarizing elements could also insert spurious distortions in the mea-
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Figure 4.3: Fit of the lamp wavelengths and the relative pixel values of the HR4000.
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Figure 4.4: Displacement between the new calibration and the original one for the HR4000.
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sured spectra. Therefore, all the equipment should be calibrated before taking any
measurements. What is usually done is to acquire the raw luminescence signal with
the instrument, then, after all the measurements are completed, apply the necessary
corrections to the data taken before. The integrated apparatus used for the absorptions
was calibrated from the manufacturer, so these intensity calibrations were done only
for the fluorescence measurements.
Intensity calibration sources should have well known spectral shapes, easily com-
parable to the recorded data. The best choice are incandescent lamps, which exhibit
blackbody emission spectra. For these calibrations, a 20 W Leuci lamp was used, which
has the spectrum of an equivalent blackbody at 3000 K. The lamp is placed nearly at
the same position of the sample and the same measurement done for the crystal is
repeated, every time, with the incandescence light source. Therefore, every fluores-
cence measurement is made of two spectra, a raw signal taken from the detector, and
the corresponding calibration spectrum, acquired in the same experimental conditions,
with the lamp light.
These two acquisitions have to be combined to obtain the calibrated spectrum of the
sample’s fluorescence. From the incandescence light spectrum, the detector response
function can be evaluated. As written before, the expected spectrum of the source is
that of a blackbody at 3000 K, which follows Planck’s distribution
I(λ, T ) =
2hc
λ5
1
e
hc
λkBT − 1
where kB is the Boltzmann constant. Since the absolute intensity of the detector’s
response is arbitrary, this distribution is normalized to its peak, found via Wien’s
displacement law,
λp T = b = 2897768.5(51) nmK
obtaining, after fixing the temperature to the lamp’s value,
In(λ) =
[
2hc
λ5p
1
e
hc
λpkB (3000K) − 1
]
−1
2hc
λ5
1
e
hc
λ kB (3000K) − 1
(4.3)
To find the detector response function, the spectra acquired from the lamp are
divided by the equation (4.3). All the raw measurements are then divided by this
response function to calculate the calibrated emission spectra. Not all the calibration
measurements are reported here; for illustrative purposes, a region of the response
function of the Hamamatsu R943-02 photomultiplier, compared with the expected
blackbody spectrum, is shown in Figure 4.5.
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Figure 4.5: Response function of the Hamamatsu R943-02 photomultiplier, in purple. The
blue curve shows the theoretical blackbody spectrum.
4.3 ABSORPTION MEASUREMENTS SETUP AND RESULTS
This section contains all the information about the absorption measurements, including
the internal setup of the aforementioned spectrophotometer, its principle of operation
and the external equipment needed to cool the samples and acquire low temperature
spectra. Then, the absorption data for some cooling crystals are reported and com-
mented.
4.3.1 Description of the spectrophotometer
The Varian Cary 500 spectrophotometer is an integrated device specifically designed to
measure the absorption spectrum of substances. Light generated inside the instrument
is divided in two beams, perfectly symmetrical to each other, with the sample inserted
in one of these paths. Being an integrated system, the spectrophotometer contains all
the needed equipment, including the light sources, a monochromator to select the input
wavelength, the two beams setup, and the detectors. The working range of the Cary
500 is 175 − 3300 nm, hence it extends from the UV to the near infrared regions. A
scheme of the overall setup of the spectrophotometer, taken from its operation manual,
is shown in Figure 4.6.
For the UV range, below 350 nm, the Cary 500 uses a deuterium lamp as source,
a 1200 g/mm grating in the internal monochromator and a photomultiplier R928 as
detector. Above this threshold, in the visible range, the spectrophotometer changes
its source and uses a halogen lamp instead. Above about 800 nm, in the near infrared
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Figure 4.6: Internal layout of the Varian CARY 500 spectrophotometer.
region, the grating and the detector change, too. A 300 g/mm grating is employed to
select the wavelength, while the photomultiplier is replaced by a photoelectric cell of
PbS, cooled by a Peltier element. The spectral resolution of this device, declared by
the manufacturer, goes from 0.1 nm in the UV and visible regions, to 0.4 nm in the
near infrared range. The instrument is connected to a PC, controlled by a dedicated
software that allows to choose the scanning range, the detector, the resolution, and the
integration time the system has to wait at every step.
The spectrophotometer measures separately the intensities of the two beams, one
that crosses the sample and the other, used as reference, with a given incoming wave-
length selected by the monochromator. The software of the instrument computes the
absorbance of the sample, defined as
A(λ) = log10
[
Iref (λ)
Isample(λ)
]
where Isample and Iref are the intensities measured at the end of the two paths. The
absorption coefficient of the sample is given by the Beer-Lambert law
α(λ) =
A(λ)
d
ln(10)
where d is the thickness of the sample, usually expressed in cm to have the absorption
spectrum in unit of cm−1.
Before every measurement, a scan is performed without the sample in neither of
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the two beams. Ideally, the apparatus is calibrated to detect no absorption in this
configuration. However, changes in the detector sensitivity or in the environmental
conditions or both, can produce a non zero bottom-line absorbance, called baseline.
This baseline is automatically subtracted from the measured value by the software
of the spectrophotometer. For the measurements polarized along a specific axis, two
identical Glan–Thompson polarizers can be inserted in the two beams. In this way,
the device measures the absorption spectrum for the selected polarization.
4.3.2 Absorption spectra of the cooling samples
Because of the level structure of the Ytterbium trivalent ions (see Figure 1.7), the
absorption spectrum of the samples should extend only between 890 and 1100 nm. To
confirm this and rule out any major contaminations in the crystal, an overall absorp-
tion spectrum was acquired for every sample, from 200 to 2000 nm. As an example,
Figure 4.7 shows this measurement for the sample no. 134.
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Figure 4.7: Unpolarized absorption spectrum of a 5% Yb:YLF crystal, sample no. 134, at
300 K, with 1 nm spectral resolution and integration time of 0.4 s.
This spectrum confirms the localization of the Ytterbium absorption peaks, and,
because of the absence of any other peaks, excludes substantial contaminations. Near
800 nm, the device automatically changes the detector, causing the small noise visible
in the plot. Between 200 and 500 nm, the background absorption increases, not because
of the host absorption, which should be completely transparent, but mainly because
of Rayleigh scattering from the surfaces. Even if the facets are polished before the
measurement, some roughness or small scratches could still remain over them, caus-
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Figure 4.8: Polarized absorption spectra of the 5% Yb:YLF crystals, sample no. 77 and 134,
at 300 K, with 0.3 nm spectral resolution and integration time of 3 s.
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Figure 4.9: Polarized absorption spectra of the 7.5% Yb:YLF crystals, sample no. 136 and
143, at 300 K, with 0.3 nm spectral resolution and integration time of 3 s.
ing scattering losses and increasing the absorption in the small wavelengths region.
However, this background is situated outside the region of interest for the Ytterbium
manifolds, therefore will be neglected in the following measurements.
Figure 4.8 shows the polarized absorption coefficients, at room temperature, for the
two boules doped with 5% of Ytterbium. From all the previous plots, it can be inferred
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that the YLF matrix has a strong anisotropy, causing major differences between the
two polarized spectra for the same crystal. Moreover, some peaks can even appear in
one polarization, but not in the other, indicating that some transitions can occur only
when the light polarization is aligned with a specific optical axis.
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Figure 4.10: Polarized absorption spectra of the 10% Yb:YLF crystal, sample no. 139, at
300 K, with 0.3 nm spectral resolution and integration time of 3 s.
The two spectra overlap almost perfectly, even if they were measured for two dif-
ferent samples. Only the peaks at 960 nm are slightly different, because of Cary 500
internal limitations in measuring large values of the absorbance. This similarity indi-
cates that the two 5% samples should have exactly the same optical behavior. Also,
both the spectra exhibit a significant tail at wavelengths longer than 1000 nm, partic-
ularly appropriate for cooling experiments.
The same curves, for the crystals doped at 7.5% of Ytterbium, are shown in Fig-
ure 4.9. Again, they have the same trend and show the possibility to pump these
crystals with long wavelengths. The absorption spectra do not show differences be-
tween the two boules. Figure 4.10 contains the polarized absorption coefficients for the
sample no. 139, doped at 10%, and exhibit the same features of all the previous plots.
Using the cooling system described before, it is possible to measure the absorption
coefficients of the crystals at several temperatures. Figure 4.11 shows the absorption
spectra of the sample no. 134 at 10 K. At this temperature, only the lowest sublevel of
the 2F7/2 manifold is populated. Therefore, only transitions between this sublevel and
the excited manifold 2F5/2 are possible. The zero phonon line is marked.
The absorption spectra at 10 K contain only well separated sharp peaks, corre-
sponding to those transitions. When the temperature rises, the other levels of the
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Figure 4.11: Polarized absorption spectra of a 5% Yb:YLF crystal, sample no. 134, at 10 K,
with 0.5 nm resolution and integration time of 2 s. The zero phonon line is also indicated.
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Figure 4.12: Absorption spectra of sample no. 134, with E ‖ c, at several temperatures, with
0.5 nm spectral resolution and integration time of 3 s.
ground manifold start to populate, allowing other transitions from them to the upper
manifold. Because the absorption intensity distributes on more transitions, the nar-
row peaks from 10 K measurements eventually become the broader, smaller bands,
shown in the room temperature plots. Evolution of the absorption spectra for growing
temperatures is shown in Figure 4.12 for the sample no. 134.
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4.4 FLUORESCENCE MEASUREMENTS SETUP AND RESULTS
In this section, all the data related to the steady state fluorescence measurements are
reported. First of all, a brief description of the instruments employed and how they
are installed is given, then a gallery of the spectra interesting for the following cooling
experiments is shown.
4.4.1 Description of the apparatus
The fluorescence light is detected by observing the sample transversely, pumping it
with one of the laser sources listed in Paragraph 4.1.1. The layout of the optical setup
for a fluorescence measurement is shown in Figure 4.13.
Figure 4.13: Scheme of the apparatus employed to acquire the fluorescence spectra.
Instruments listed in Section 4.1 were combined to achieve the needed result. For
the analysis of the Ytterbium levels, the source of choice was the 940 nm laser diode,
well absorbed, but also in the tail of the emission band, in order to reduce unwanted
signal from the pump. Two lenses, with focal lengths of 10 cm and 7.5 cm were used
to pump the crystal and collect the fluorescence from it, respectively. A chopper was
mounted between the collecting lens and the monochromator. A polarizer was put on
the input port of the monochromator, aligned parallel to a given axis of the crystal.
Since the following spectra are all in the 940 − 1100 nm range, the InSb detector
was used to acquire the fluorescence. For the measurements at room temperature, the
ACTON SpectraPro 2300i was used as monochromator. For the cooled spectra, the
sample was inserted in one of the cooled mounts described before, and the Jobin Yvon
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TRIAX 320 was used instead. In both cases, the selected grating was the 600 g/mm.
The output signal of the sensor was filtered and enhanced by a lock-in amplifier, which
used the chopper modulation frequency as reference. Finally, the raw data measured
in this way were calibrated according to the procedure highlighted in Section 4.2.
The main difference between absorption and fluorescence spectra is the lack of a
common reference for the latter. While the absorption coefficient is usually expressed
in cm−1, and is measured always in the same experimental conditions by means of
the Cary 500 integrated spectrophotometer, the fluorescence spectra are acquired in
complex setups, with many variable parts, such as the one depicted in Figure 4.13. It
is clear that even a slight change in the overall layout, i.e. a little displacement of one
of the lenses, can alter the absolute intensity of the collected signal. Therefore, the
fluorescence spectra have to be measured with particular care to allow a comparison of
the results obtained for different samples. To acquire comparable data for two samples,
only the crystals were switched, placing they exactly in the same position, one at a
time, and leaving all the other parts unaltered.
4.4.2 Fluorescence spectra of the cooling samples
The fluorescence spectra, at room temperature, for the crystals doped with 5% Yt-
terbium, samples no. 77 and 134, are shown in Figure 4.14. Again, the differences
between the two polarizations are explicit. As expected from the absorption spectra,
the emissions of the two crystals overlap perfectly, confirming the hypothesis of iden-
tical optical behavior for the two samples. The mean emission wavelength of the 5%
samples is 994.9 nm, calculated with the equation (2.1). This value is also shown in
the plot, in order to compare it with the emission spectra.
It is worth noting that all the curves in this plot are actually superpositions of two
unrelated measurements, acquired for the same crystal, in the same polarization, but
at different times. This technique was used to ensure repeatability of the measurement
even after switching the two samples. Therefore, spectra acquired in this way are
commensurate and a comparison plot like the one shown in Figure 4.14 makes sense,
even though, in general, fluorescence intensities are not absolute measurements.
Figure 4.15 shows the fluorescence spectra for the samples doped with 7.5% of
Ytterbium, measured with the same procedure employed before. The spectrum of
sample no. 77 is plot as reference. Only the polarization parallel to the c axis is depicted.
Increasing the doping level leads to stronger emission in the Ytterbium bands. The
growth is linear with the concentration added, as expected. All the spectra show the
same trend, thus implying that the optical response of all these crystals should be the
same.
Spectra for sample no. 143, for both polarizations, are shown in Figure 4.16. For
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Figure 4.14: Polarized emission spectra of the 5% Yb:YLF crystals, sample no. 77 and 134, at
300 K, with 0.54 nm spectral resolution and integration time of 0.3 s. Mean emission wavelength
λf is also indicated.
940 960 980 1000 1020 1040 1060
0
1
2
3
4
5
6
Wavelength HnmL
In
te
ns
ity
Ha
.u
.L
143
136-II
136-I
77
Figure 4.15: Emission spectra, polarized along the c axis, of several 7.5% Yb:YLF samples,
no. 136-I, 136-II and 143, at 300 K, with 0.54 nm spectral resolution and integration time of
0.3 s. The curve for sample no. 77 is shown as reference.
the 7.5% doped crystals, λf is 996.2 nm, slightly longer than the one of the 5% samples.
This behavior is expected and is due to the increase in the absorption coefficients seen
before, which causes more re-absorption, especially in the higher energy part of the
emission. Thus, the emission spectra and λf drift toward longer wavelengths.
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Figure 4.16: Polarized emission spectra of one of the 7.5% Yb:YLF crystals, sample no.
143, at 300 K, with 0.54 nm spectral resolution and integration time of 1 s. Mean emission
wavelength λf is also indicated.
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Figure 4.17: Polarized fluorescence spectra of a 5% Yb:YLF crystal, sample no. 134, at 10 K,
with 0.21 nm spectral resolution and integration time of 1 s.
The fluorescence spectra at low temperatures were measured using the apparatus
described before, employed for the absorption cold spectra. Figure 4.17 shows the
emission of sample no. 134 at 10 K. The zero phonon line is pointed out in the plot.
As said in the absorption case, at this temperature the spectra have only sharp peaks,
but the transitions available are different. In the 10 K emission, only decays between
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Figure 4.18: Emission spectra of sample no. 134, E ‖ c, at several temperatures, with 0.5 nm
spectral resolution and integration time of 1 s.
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Figure 4.19: Emission spectra of sample no. 134, E ⊥ c, at several temperatures, with 0.5 nm
spectral resolution and integration time of 1 s.
the lowest sublevel of the excited manifold 2F5/2 and all the sublevels of the ground
manifold 2F7/2 can happen.
As soon as the temperature increases, transitions from upper sublevels of the ex-
cited manifold become available, causing the appearance of new, broader, peaks in the
fluorescence spectrum. Larger bands start to form and eventually transform into the
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room temperature broad emission spectra discussed before. These changes can be seen
in Figures 4.18 and 4.19, which show the temperature variations of the fluorescence
spectra of sample no. 134, for both polarizations.
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Figure 4.20: Mean emission wavelength λf of sample no. 134, as a function of the temperature.
Changes in the shape of the fluorescence, caused by temperature, reflect also in a
drift of the mean emission wavelength λf , which can be calculated from the spectra
sampled at several temperatures. The results of these calculations can be seen in Fig-
ure 4.20. It should be noticed that, when the temperature reduces, the mean emission
of the sample shifts toward longer wavelengths, therefore the anti-Stokes fluorescence
would subtract smaller amounts of energy from the crystal than before. Thus, the
optical refrigeration process becomes less effective at low temperatures.
4.5 DECAY TIME MEASUREMENTS SETUP AND RESULTS
In order to measure the lifetime of the 2F5/2 manifold, the setup depicted in Figure 4.21
was used. The pulsed Ti:Sa laser was employed to pump the sample. The fluorescence
intensity was collected by the monochromator, locked at 994 nm, and detected by the
InSb sensor, both described before. The energy of the pump beam was attenuated
to avoid saturation of the detector. The resulting decay curve was sampled by an
oscilloscope, triggered by the signal that powered the flash lamp. As described earlier
in Paragraph 4.1.1, this lamp pumped the primary laser, which excites the Ti:Sa crystal,
at 10 Hz repetition rate.
Connecting the trigger to the laser pulse signal allows to freeze the exponential
curve on the oscilloscope and digitalize it for further elaborations. A software transfers
this signal from the oscilloscope to the computer and calculates the correspondent
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Figure 4.21: Scheme of the apparatus employed to measure excited manifold lifetimes.
decay time. As an example, Figure 4.22 shows one of the acquired waveforms, with
the exponential fit and its result.
Re-absorption of fluorescence can alter the quantification of the lifetime by extend-
ing artificially the measured decay curve. To reduce as much as possible this effect,
the pinhole method was employed. The sample was covered by a steel mask, with a
small hole in the middle, which cuts the intensity of the pump. The laser beam was not
focused directly on the crystal, but instead reached the pinhole with a large extension,
to illuminate completely even the larger openings.
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Figure 4.22: Example of data acquired from the oscilloscope, with the exponential decay fit.
The pinhole radius was 0.65 mm. The lifetime estimated from the fit is (2.301± 0.002) ms.
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This technique reduces the volume of crystal crossed by the radiation, in which the
fluorescence could be re-absorbed, and suppresses the artifacts in the lifetime measure-
ments. Therefore, it is especially suitable for samples doped with Ytterbium [36].
Several masks with different hole diameters, between 1 and 2.1 mm, were available.
Changes in the area of the aperture altered the density of ions excited, hence the
measured lifetime. In particular, a linear relation between the pinhole radius and the
detected decay time is expected. By fitting the detected times, the radiative lifetime of
the sample is given by the limit as the radius approaches zero, where the re-absorption
effects are negligible, thus by the y-intercept of the fit line [37].
Radius (mm) Lifetime (ms)
0.50 2.26± 0.02
0.65 2.30± 0.02
0.75 2.32± 0.02
0.85 2.35± 0.01
0.95 2.36± 0.01
1.05 2.36± 0.01
Table 4.6: Measurements of the decay times of sample no. 134, illuminated with several
pinhole masks.
Table 4.6 shows the decay times of sample no. 134, acquired with the aforementioned
technique, while Figure 4.23 depicts the linear fit of the data as a function of the mask
radius.
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Figure 4.23: Linear fit of the measured decay times of sample no. 134 as a function of the
radius of the pinhole mask.
In order to verify the stability of this method, at least three independent measurements
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were done for each pinhole mask, leading to values of the uncertainties much greater
than what would have resulted from the fit of the acquisitions. The last two points
were excluded from the fit because the pinhole radius, hence the irradiated area, was
too large, leading to a noticeable saturation effect, caused by the re-absorption. The
extrapolation to zero radius indicates that the decay time of the excited manifold in
this crystal was (2.13± 0.01) ms, compatible with values reported in literature [38].
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Samples from all the crystals grown during this thesis work were subjected to optical
refrigeration experiments, after being optically characterized. These trials were de-
signed to determine, in the first place, if they would cool when excited with proper
wavelengths, as expected. A further goal was to quantify this heat lift by measuring
their cooling efficiency, modeled in Chapter 2. In this chapter, the setup employed for
these experiments is described. Then, the results of these measurements are reported
and discussed, in comparison with the spectroscopical features of the samples.
5.1 EXPERIMENTAL EQUIPMENT
During the planning of any optical refrigeration setup, many constraints should be
considered about the global structure. There are several restrictions, due to ther-
modynamics of the cooling process, that the experimental configuration has to meet,
including but not limiting to high vacuum environments, holders with fewer contact
parts as possible and small insulating chambers. Reasons why these requirements are
necessary are further detailed in Paragraph 2.2.2.
Moreover, a reliable measure of the temperature inside these shells, without inter-
fering with the cooling process, can be tricky. Contactless techniques are the best choice
to avoid external influences on the sample, such as parasitic heat loads. However, these
methods need precise and accurate calibration before being used. Two independent
approaches were employed to detect the temperature of the cooling crystals.
5.1.1 Cooling measurements setup
The vacuum shell used for the optical refrigeration experiments is shown in Figure 5.1.
The main environment is a steel vacuum chamber, shaped as a cube with 10 cm long
edge. The cube is suspended above the optical table by four pillars. On the bottom
of the cube, there are the vacuum connections, attached to a pressure gauge and a
turbo pump, capable to reach pressures down to 10−3 Pa
(
10−5 mbar
)
. Above the
cube, there is a removable cap, with sealed junction to the chamber, that can be open
to insert and remove the sample. This cover has two connectors on it, suitable to link
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electronic components inside the vacuum environment. A steel shaft passes through
the lid, through a vacuum valve, with a handle on the outer side to rotate it.
Figure 5.1: Picture of the vacuum chamber used for optical refrigeration experiments.
At the other end, the shaft holds a cage made of four aluminum rods and two
squares, outlined in Figure 5.2. The bottom plane sustains a U-shaped piece, with the
two sides 17 mm apart, that forms the sample support. Two short sections of an optical
fiber, with a diameter of 120 µm, are glued on the two sides of the U, perpendicularly
to them. The sample is placed on these two fibers, which are the only contact zones
between it and the environment. The choice of optical fibers as suspension cables was
primarily due to the small contact area and the relatively low thermal conductivity.
The sample is aligned parallel to the sides of the U, and can be precisely rotated using
the handle outside the chamber. The height of the sample can be changed by raising
or lowering the whole shaft from the handle.
The cubic chamber has four windows on its sides, that allow to pump and observe
the crystal. Two of them are made of crown glass BK7 and are used to transmit
the pump laser to the sample. They have 1 inch diameter (about 2.5 cm) and are
anti-reflection coated for 1 µm radiation. The sample is kept aligned with its smaller
facets parallel to these viewports. On the other two sides of the chamber, the windows
are designed to look at the sample, hence its longer facets are pointed toward these
openings. One of the windows, larger, with a 4.5 cm diameter and made of glass, can
be used to look at the crystal with the naked eye, to align it correctly inside the shell,
or to collect sideways fluorescence escaping from the sample. The last window, on the
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Figure 5.2: Layout of the cage placed inside the vacuum chamber.
opposite side, smaller, with 1 inch diameter, is designed to observe the sample in the
infrared region, therefore is made of BaF2, a material transparent between 300 nm and
11 µm.
The overall layout of the optical refrigeration setup is depicted in Figure 5.3. Several
laser sources are necessary to characterize the cooling performance of a crystal. In this
setup, all the diode sources, listed in Table 4.1 were used. Two lenses, with focal length
of 10 cm, were fixed in front of the coated windows, to focus the radiation from these
lasers on the sample installed inside the chamber. The 1024 nm diode was placed on
one side, while the other three were alternatively positioned on the opposite side.
The other two windows were used to measure the temperature of the sample. A
thermal camera faced the BaF2 window and produced a thermal image of the system,
from which the temperature difference between the environment and the sample could
be inferred. On the other side, a lens, with a focal length of 7.5 cm, collected the
fluorescence of the sample and sent it to the optical fiber of the portable spectrometer
Ocean Optics HR4000, which measured the emission spectrum of the radiation escaping
from the crystal. The temperature of the sample can be detected from the variations
in the spectra, with a technique called Differential Luminescence Thermometry [39].
An explanation of these methods, together with their calibration procedures, is written
in the following paragraphs.
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Figure 5.3: Scheme of the setup employed during the cooling measurements.
5.1.2 Thermal camera properties and calibration
The thermal camera employed during the cooling measurements is based on a mi-
crobolometer manufactured by Raytheon, model no. 2500AS. This sensor samples the
infrared radiation, between 7 and 11 µm, coming from the sample and transmitted
through the BaF2 window, and measures its energy, which is related to the tempera-
ture of the crystal. The sample is framed using the thermal optics provided with the
camera, which has a fixed focal length of 8.5 mm. The output signal of the camera
is a greyscale image, with 8-bit depth, which means that every pixel of the frame has
a brightness value ranging between 0 and 255, that indicates the temperature of that
point with respect to the others. A black pixel, with a 0 value, corresponds to the
warmest point of the frame; conversely, a white pixel, with a value of 255, to the cold-
est one. An example of a typical output image acquired from the thermal camera is
reported in Figure 5.4.
From the image, it can be seen that the sensor provides the absolute temperature
of the central spot of the frame, in Fahrenheit degrees, but unfortunately this mea-
surement was proved unreliable and was not considered during this work. Instead,
the proportionality between the temperature and the brightness of the pixels was ex-
ploited to detect the temperature difference between the background of the image and
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the sample, usually located in the middle of the frame.
Figure 5.4: Typical image of a cooling sample acquired by the thermal camera.
To measure the related proportionality constant, it was necessary to change the
temperature of the sample located inside the chamber. A custom holder was designed
to fit inside the vacuum environment as a replacement of the aforementioned cage. A
picture of this system is shown in Figure 5.5. This holder was made of three pieces of
copper, separated by two slits. In one of these, a sample, with a shape identical to the
Figure 5.5: Picture of the device employed to calibrate the thermal camera.
cooling one, took place. A Peltier cell was fixed in the other gap, and could be used to
heat up or cool down the crystal. To get the temperature of the sample, a thermocouple,
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with very thin strings to minimize heat transfer, was connected to the copper, right
above the crystal. Both these electronic devices were wired to the outside of the
chamber through the connectors on the sealed cap.
After the preparation of the holder, the chamber was emptied using the vacuum
system, then several measurements were done, collecting together the video signal from
the thermal camera and the temperature, measured with the thermocouple, while the
test sample was heated or cooled by means of the Peltier cell. Two regions of interest
were defined inside the frame of the recorded video, both 30 x 30 pixel. The first one
was used as reference and was located outside the sample, pointing at the background
of the chamber. The second, in the middle of the crystal, was used to define the
temperature of the sample. Both the pixels in these regions were averaged to reduce
unwanted fluctuations, and the difference between the hot and the cold area was taken
as measurement of the temperature variation between the environment and the crystal.
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Figure 5.6: Calibration curves for the thermal camera.
Figure 5.6 shows a plot of the calibrations done with this technique. As expected,
the resulting curves are independent from the starting point and the duration of the
acquisition. Moreover, there is nearly a linear relation between the temperature differ-
ence and the pixel brightness difference, calculated between the hot and cold regions
of the frame. This proportionality constant was used to convert any brightness shifts
to correspondent temperature jumps. From the linear fit, this calibration coefficient
was found to be (0.0612± 0.0003) ∆T/∆(pixel value). Because of this number, it is
reasonable to state that the thermal sensitivity of the camera is better than 0.1 K,
which is the value reported by the manufacturer.
Unfortunately, the thermal camera, employed in this configuration, had a reduced
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operational range. The reason of this drawback was saturation in the acquired frames:
even though the sensor of the camera was declared capable of detecting temperatures
down to 270 K, the brightness range of only 8-bits allowed to measure only temperature
differences up to 6 degrees. For wider jumps, the camera would have just captured a
perfectly white area, losing the linear dependence characterized before. Therefore,
when the camera was used as thermal sensor, the pump power sent to the crystal was
limited to avoid this saturation effect.
5.1.3 Differential Luminescence Thermometry concept and calibration
Figure 5.7: Calibration apparatus employed for the DLT technique.
The method employed to detect the temperature of the sample for greater variations
is based on the changes in the emission of a crystal as a function of the temperature.
From Figure 4.18 it is clear that the fluorescence spectrum of a sample, when pumped
with a laser radiation, depends on the temperature of the crystal. Extract the tem-
perature information from the spectra is a complicate task, and several solutions have
been proposed during the years. The two most employed methods are the Fluores-
cence Intensity Ratio, which relates the temperature to the ratio between two peaks in
the spectra [40], and the Differential Luminescence Thermometry (DLT), which uses
instead the difference between the integrated areas of the emissions [22]. In this work,
the DLT technique was employed.
The differential spectrum of a sample at different temperatures is defined as
∆S(λ, T, T0) =
S(λ, T )∫ λ2
λ1
S(λ′, T ) dλ′
− S(λ, T0)∫ λ2
λ1
S(λ′, T0) dλ′
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where T is the current temperature of the sample, T0 is a known temperature reference
and S(λ, T ) is the emission spectrum. The two function are normalized to the total
integrated area to reduce the effects of pump power fluctuations. Also, the limits of
the two integrations are chosen to remove possible scattering from the input laser. The
scalar DLT signal is the absolute area of the differential spectrum:
SDLT (T, T0) =
∫ λ2
λ1
|∆S(λ, T, T0)| dλ (5.1)
As it can be seen, this quantity cannot distinguish the sign of the temperature differ-
ence, which should be detected with a separate technique, such as the thermal camera.
Results of equation (5.1) are related to the temperature of the crystal, however, they
need an accurate calibration procedure to be converted.
The shape of the emission spectrum depends not only on the temperature of the
system, but also on the re-absorption by the dopant ions inside the crystal. Since
the absorption and the emission spectra overlap, which is a necessary condition to
achieve optical refrigeration, some peaks in the spectrum could be re-absorbed before
escaping from the crystal. Therefore, the spectrum of the light outgoing from the
sample is distorted by re-absorption effects: the longer the path crossed by the escaping
fluorescence, the worse this distortion would be. Hence, a calibration procedure for this
method has to closely resemble the geometry of the cooling setup, in order to cause
the same distortions in the spectra, and cannot be performed, for example, inside one
of the cooled mounts used to measure cold temperature fluorescences in Section 4.4.
For these reasons, a homemade system was designed and realized specifically to run
the DLT calibrations. A picture of this instrument is depicted in Figure 5.7. A cooling
sample was included inside a copper case, thermally connected to a heat sink. Two
holes were carved on the sides of the shell, to allow the passage of pump radiation. A
SMA connector is fixed in front of the sample, designed to connect the optical fiber
of the portable spectrometer HR4000 and sample the fluorescence outgoing from the
crystal. The case contains a Pt100 resistor thermometer, on a side, to measure the
absolute temperature of the copper, located as close as possible to the sample.
The 940 nm laser diode was used as pump source, focused on the sample through a
10 mm lens. A pinhole mask was located right before the sample, to further limit the
diameter of the incoming beam. In order to change the temperature of the crystal and
keep it stable, a Peltier cell was inserted between the heat sink and the copper case. A
thermocouple was connected in the middle of the case, designed to provide a readout
to the Peltier and adjust the current accordingly to the temperature variations. The
resulting feedback loop was capable to keep the temperature of the crystal stable up
to 0.1 K, as measured with the Pt100 sensor.
The emission from the sample was acquired at various temperatures, fixed by the
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Peltier loop, between 285 and 297 K. Three independent acquisition were done at all
the temperatures, to ensure stability and repeatability of the technique. The scalar
DLT function was calculated, by means of equation (5.1), using the hottest spectrum
as reference for all the other spectra. Results of these estimations can be seen in
Figure 5.8, together with a polynomial fit. Using this calibration function, the DLT
method allowed to measure the temperature of the samples from the escaping fluores-
cence, with an estimated resolution of 1 K, which was slightly lower than the one of
the thermal camera, but in exchange for an extended available range.
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Figure 5.8: Calibration measurements and results for the DLT method.
5.2 ESTIMATION OF THE COOLING EFFICIENCY
The equipment described in Figure 5.3 was used to evaluate the cooling efficiency
ηc(λ) = ηext
[
1 +
αb
α(λ)
]
−1( λ
λf
)
− 1 (2.8 revisited)
of the samples listed in Table 3.1. Equation (2.8) depends on many variables. Some
of them can be derived from the spectroscopy of the crystals, the absorption spectrum
α(λ) and the mean fluorescence wavelength λf . Instead, the background absorption
αb and the external quantum efficiency ηext are independent parameters of the model
and should be measured with a dedicated procedure. Estimating the cooling efficiency
of a crystal means to determine the value of these two parameters.
Since ηc depends directly on the absorption spectra, and since, as seen in Section 4.3,
those spectra are very different for the two possible polarizations, for YLF, of the
incoming light, at least three cooling efficiencies can be defined, for any samples: one for
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unpolarized pump, one for polarization parallel to the c axis, and one for the orthogonal
polarization. From Figure 4.8, for example, it is clear that Ytterbium-doped YLF
samples absorb more light when pumped with polarization parallel to c. Therefore, in
this thesis work, only the parallel polarized cooling efficiencies were characterized. For
the sake of shortness, from now on, the polarization axis notation will be omitted from
the cooling efficiency and ηc denominations and, instead, will be implied. Moreover,
both the absorption coefficient and λf are functions of the temperature. For this
calculation, the spectra measured at room temperature were used, hence, the resulting
cooling efficiency is correct only for that temperature.
In order to estimate the two parameters αb and ηext for the aforementioned sam-
ples, at first, a theoretical calculation of the efficiencies was performed, using estimated
values of the parameters, to roughly find out how wide the wavelength region suitable
for cooling would be and point out how the experiments should be carried out. Sec-
ondly, the measurements needed to find the parameters were done for the suitable
samples. Finally, the two parameters, hence the experimental cooling efficiencies, were
determined by fitting the calculated curves with the acquired data.
5.2.1 Model predictions
The ideal cooling efficiency of any sample can be calculated from the absorption spectra
and from the mean emission wavelength λf . From calculations reported in Section 2.2,
it is clear that the ideal cooling efficiency is just a straight line, which assumes that the
sample would cool down when pumped with wavelengths longer than λf . A more real-
istic description of the system introduced two constraints, identified by the parameters
αb and ηext.
Figure 2.5, calculated for Gaussian spectra, indicates that these two parameters
have tight limits in cooling systems; the background absorption αb should not exceed
10 · 10−4 cm−1, while the external quantum efficiency ηext have to be higher than 96%.
These restrictions apply on the realistic spectra, too. To get a good prediction of the
cooling regions, an estimate of these parameters was taken from literature, in partic-
ular from [41], in which a sample of 5% Yb:YLF, growth in NMLA laboratories, was
characterized in this way; from [42] and [43], which provide two models to scale the
background absorption and the external quantum efficiency with the doping concen-
tration. The chosen values are reported in Table 5.1. In particular, αb is expected to
scale linearly with the doping, since is assumed it is mainly caused by transition metal
impurities carried by the dopant raw powders.
It is clear from the absorption spectra, shown for instance in Figure 4.8, that the
spectrophotometer Cary 500 is not precise enough to estimate absorption coefficients
with the order of magnitude of 10−4 cm−1, required to compare the absorption from
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Doping αb
(
cm−1
)
ηext
5 % 4 · 10−4 0.995
7.5 % 6 · 10−4 0.992
10 % 8 · 10−4 0.987
Table 5.1: Parameters employed for the initial estimation of the cooling efficiencies.
background with the one from Ytterbium ions and find out the cooling region upper
limit. A calculation of the cooling efficiency with those absorption spectra and the
selected parameters would be impossible. Therefore, another way to estimate the
absorption coefficient has to be found.
Fortunately, the emission and the absorption features of any rare earth doped crys-
tals are connected to each other by the reciprocity method detailed in Section 1.5. As
noted before, the reciprocity relation can be inverted and applied in the opposite direc-
tion to find out the absorption cross section from the emission one. Moreover, results
from this transformation are correct for wavelengths longer than the zero phonon line
of the system, exactly the range in which the samples are expected to cool down.
First of all, the emission cross sections were evaluated, from the fluorescence spectra,
by means of the β − τ method, applying equation (1.8) with the radiative lifetimes
measured in Section 4.5. Then, the absorption cross sections were calculated, from the
emission data, by inverting equation (1.7)
σabs(λ) = σem(λ)
Zu
Zd
exp
(
−Ezpl − hc/λ
kT
)
in which the partition functions ratio and the zero phonon line energy were extracted
from literature [38]. Finally, the absorption coefficients were determined from the
related cross sections by inverting equation (1.6) and inserting the cell parameters
listed in Table 1.1.
The absorption coefficients obtained with this procedure closely resembled in shape
those measured with the spectrophotometer. In any case, when possible, the actual
measurements were preferred over the calculated values. Therefore, for every sample,
the measured value was used up to 1040 nm, until it was precise enough, and the
calculated value was used only for longer wavelengths. With the absorption spectra
evaluated in this way, it was possible to estimate the cooling efficiencies for all the
samples. The results of these calculations are shown in Figure 5.9. From the plot,
it can be inferred that the crystals should cool down when pumped with wavelengths
between about 1010 and 1060 nm.
All the samples indexed in Table 3.1 were inserted, one at a time, in the cooling
chamber described before, to find out if they would actually cool, as expected, when
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Figure 5.9: Predicted cooling efficiencies, calculated with the parameters from Table 5.1, for
three doping concentrations.
pumped with the 1024 nm laser diode. Unfortunately, only samples no. 77, 134 and
143 exhibited a temperature diminution, while the other samples increased their tem-
perature. Possible causes of this behavior are further analyzed in Chapter 6, but, for
now, it is worth stating one fact.
As evidenced in Chapter 4, all the spectra of the samples with the same doping
level were identical. For example, all the samples from growth no. 136 and 143, with
7.5% of Ytterbium had the absorption and fluorescence spectra indistinguishable from
the others (for instance, see Figure 4.9). Despite this similarity, only sample no. 143
showed a cooling effect, while all the samples with collocation no. 136 warmed up.
Therefore, it seems that other features, besides the usual spectroscopy, influence the
optical refrigeration quality of a crystal. This is not true in the case of laser applica-
tions, in which absorption and emission cross sections are enough to characterize the
laser performance of a sample. Apparently, the growth of crystals for optical refrigera-
tion is a more complex task than the growth for other experiments, and some variables
might not yet be fully understood.
5.2.2 Principle of operation of the measurement
Once the theoretical model was developed, required to derive the unknown parameters
for the cooling crystals, a technique to estimate the cooling efficiency from experi-
ments was sought. The applied procedure was based on the calculations outlined in
Section 2.2. Equation (2.12) connects the cooling efficiency, the absorbed power and
the temperature drop at the final steady state. If the temperature of the chamber is
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fixed and the final temperature difference is small, the previously cited equation can
be written as
ηc(λ)Pabs(λ) ≈ k (Tc − Ts) = k∆T
where k is a parameter that characterizes the thermodynamics and the geometry of
the experiment.
The power absorbed from the sample Pabs(λ) can be calculated from the measured
absorption coefficients α(λ) as
Pabs(λ) = Pin
[
1− e−α(λ)L
]
where Pin is the power of the pump laser and L is the length of the sample, expressed
in cm. The value of k is independent from the pump wavelength and, more important,
is related only to the blackbody emission of the sample. Thus, it can be measured even
outside from the cooling region, in particular, in the wavelength ranges in which the
ηc curve assumes the shape of a straight line. For these reasons, the cooling efficiency
can be expressed as
ηc(λ) = k
∆T
Pin
[
1− e−α(λ)L] (5.2)
This equation can be used to scan the cooling efficiency of a crystal at several
wavelengths. In principle, the sample has to be pumped with a laser source at given
energy, then a certain time needs to be waited to reach the steady state equilibrium,
and the temperature of the crystal at this equilibrium can be measured. From these
data, it should be possible to derive a quantity proportional to ηc. The proportionality
constant k can be found by comparing the measured values with the linear area of the
expected models, depicted in Figure 5.9.
This procedure connects the steady state temperature, reached when the sample is
kept pumped, with the value of the cooling efficiency at the input wavelength. Ideally,
these evaluations should be carried out at several, equally apart, wavelengths inside
the whole cooling region [41]. Unfortunately, a tunable source in the needed range was
not available at that moment. Instead, a discrete scan of the efficiency was performed,
using the four laser diodes listed in Table 4.1.
5.2.3 Temperature change data
The estimation of the cooling efficiency was performed for the three samples that cooled
down. The experimental setup employed is depicted in Figure 5.3. The crystal was
placed on the optical fiber holder and inserted in the chamber, which was then sealed
and emptied. The four laser diodes were all pointed toward the sample, but three of
them were stopped and only one at a time excited the crystal. The polarization of the
lasers is arranged to produce light parallel to the c axis of the sample.
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Sample no. 77 Sample no. 134 Sample no. 143
Source Pin ∆T Pin ∆T Pin ∆T
937 nm 42± 2 4.2± 0.2 28± 2 3.4± 0.2 24± 2 3.6± 0.2
980 nm 85± 2 3.0± 0.2 64± 2 4.2± 0.2 30± 2 2.6± 0.2
1024 nm 130± 10 −3.2± 0.3 180± 10 −2.2± 0.2 220± 20 −1.9± 0.2
1056 nm 800± 20 −0.7± 0.1 800± 20 −0.4± 0.1 800± 20 −0.4± 0.1
Table 5.2: Steady state temperature variations (in K) and corresponding input powers
(in mW) for the cooling samples, at several wavelengths.
Temperature variations, limited to five degrees by reducing the input power, were
measured by means of the thermal camera. The sample was recorded until it reached
saturation, following an exponential growth or decay, as modeled by equation (2.14).
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Figure 5.10: Temperature changes for sample no. 77 (5% Yb:YLF), when pumped with the
laser diodes.
At least two acquisitions were performed in the same experimental conditions, to
ensure repeatability and stability of the measurement. The mean results of these
acquisitions are reported in Figures 5.10, 5.11 and 5.12, for samples no. 77, 134 and
143 respectively. Table 5.2 contains the final temperature variations, obtained from
the asymptotes of the plots, and the relative input powers, for all the available diodes.
It should be pointed out that these differences have an opposite sign with respect to
the ∆T used for theoretical cooling calculations as, for instance, in equation (5.2).
In the case of the 1056 nm diode, the temperature drop was too small to sense cor-
rectly the exponential decay, even when pumping with all the power available. Instead,
only the final steady state temperature was acquired by collecting, at first, twenty min-
utes of footage without any pump power, to ensure the stability of the initial state;
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Figure 5.11: Temperature changes for sample no. 134 (5% Yb:YLF), when pumped with the
laser diodes.
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Figure 5.12: Temperature changes for sample no. 143 (7.5% Yb:YLF), when pumped with
the laser diodes.
then forty minutes with the pump beam illuminating the crystal, until it reached the
final temperature. Finally, additional forty minutes were recorded without the pump
laser, to let the sample thermalize and return to the initial background temperature.
5.2.4 Results of the fits
The collected temperature variation data were analyzed to estimate the αb and ηext
parameters of the samples. First of all, the k factor of equation (5.2), a.k.a. the
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proportionality constant between ηc and ∆T , had to be calculated. To achieve this
goal, the parallelism between the first three data points and the predicted ηc curves
depicted in Figure 5.9 was imposed. This constraint was reasonable because the first
three measurements were expected to lay in the linear range of the cooling efficiency.
It is worth remarking that the parallelism condition is completely independent from
the value of the other two parameters. Therefore, this determination of k does not
impact on the uncertainties estimated for αb and ηext.
The experimental points, corrected in the aforementioned way, were fit with the
functions shown in Figure 5.9 as models. The results of these fits are depicted in
Figure 5.13. The best fit parameters are reported in Table 5.3, with their uncertainties,
for the three cooling samples.
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Figure 5.13: Measured points and relative fit of the cooling efficiency for samples no. 77, 134
and 143.
First of all, it should be noticed that the results obtained for sample no. 77 perfectly
match those found by Seletskiy et al., for a sample carved from the same boule [41].
Secondly, as expected, the background absorption αb increases for higher doping levels,
even though its growth is lower than the linear extrapolation. Thirdly, the external
quantum efficiency decreases for increased doping, as predicted by the models employed
for the estimates.
Finally, although samples no. 77 and 134 have the same doping level and exhibit
exactly the same absorption and emission spectra (see Figures 4.8 and 4.14), their
external quantum efficiencies ηext are very different, much worse in the newer sam-
ple. This discrepancy resembles what have been stated in Paragraph 5.2.1, in which it
was observed that many crystals, unexpectedly, did not cool down at all. Again, two
samples, with the same spectroscopical features, presented dissimilar optical refrigera-
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Sample Doping αb
(
cm−1
)
ηext
77 5 % 4.2± 0.2 0.999± 0.001
134 5 % 4.0± 0.2 0.988± 0.001
143 7.5 % 5.1± 0.2 0.982± 0.001
Table 5.3: List of the best fit parameters of the cooling efficiencies.
tion properties, even though, in this case, they were both capable to cool down. The
possible causes for this lack of congruence are further analyzed in Chapter 6.
5.3 FULL POWER COOLING
The setup depicted in Figure 5.3 was employed to measure the steady state temperature
reached by sample no. 77, when pumped with full available power at 1024 nm. The
laser diode can provide up to 1.5 W of continuous wave, but at a wavelength slightly
off the peak of the cooling efficiency of the sample, depicted in Figure 5.13. Despite
that, the temperature of the crystal dropped enough to reach the saturation of the
thermal camera.
Therefore, the DLT technique was employed to detect the temperature of the sam-
ple. The portable spectrophotometer HR4000 was configured to integrate the signal
for 33 ms and average the acquisitions for 30 times. The sampling lasted for thirty
minutes, in order to let the crystal reach the equilibrium state. Hence, 1800 spectra
were acquired for each measurement.
The SDLT quantity, defined by equation (5.1), was calculated for all the spectra,
using the first acquisition as reference. The resulting values were converted in a relative
temperature drift by means of the calibration reported in Figure 5.8. The results of
two independent measurements made on sample no. 77 are depicted in Figure 5.14.
The DLT method allowed to detect a temperature variation of 10 degrees, with
a good reliability, thus extending the available range of the thermal camera. The
exponential decay was detected successfully, confirming the predicted behavior of the
temperature changes with respect to time. On the other hand, it can be seen from
the plot that the DLT technique was less stable than the camera, and the results were
affected by non negligible fluctuations. In fact, the procedures that connect variations
in the spectra with temperature differences, such as DLT, are designed to detect huge
temperature jumps, of the order of magnitude of 100 K [41]. In particular, the spectra
are expected to be unstable for temperatures too close to the room one, causing the
noise visible in Figure 5.14.
The detected temperature drop is slightly smaller than what can be inferred from
Figure 5.3. This discrepancy was mainly caused by two effects. Firstly, since the
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Figure 5.14: Temperature variations, measured with the DLT technique, of sample no. 77,
when pumped with 1.5 W at 1024 nm.
absorption coefficient and the mean fluorescence wavelength are function of the tem-
perature, the cooling efficiency is temperature dependent too. While it is possible to
neglect this dependency for a small drop, such as those detected in the measurement
of ηc, this effect cannot be ignored for large variations, such as the one detected at full
power. In particular, a reduction of the absorption, hence of the cooling performances,
is expected at lower temperatures.
Secondly, the model described in Chapter 2, summarized by equation (2.8), requires
that the sample absorbs heat only via blackbody radiation. Thus, all the other contri-
butions are assumed negligible. This requirement might not be fully satisfied by the
cooling chamber, since, for example, the sample is in thermal contact with the optical
fibers, which are thermalized with the external environment. Moreover, the emissivi-
ties of the walls of the camera and of the surfaces of the cage were not reduced at all.
Again, these contributions can be effectively neglected for small temperature changes
but not for larger jumps. These limitations remark that a big cooling chamber, such
as the one used for these experiments, might not be the best choice for high power
refrigeration measurements.
5.4 SPECTRUMOF THEMINIMUMACHIEVABLE TEMPERATURE
In Section 5.2 the cooling efficiency was estimated from the room temperature spectra.
The determination of the optical refrigeration parameters αb and ηext, which are as-
sumed both wavelength and temperature independent, allows to derive the variation of
the cooling efficiency as a function of the temperature of the sample. This calculation
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was done for sample no. 134. The parameters were taken from the results of the fit,
summarized in Table 5.3. Other two quantities were needed, the mean fluorescence
wavelength, which can be seen in Figure 4.20, and the absorption coefficient at lower
temperatures, reported in Figure 4.12.
Figure 5.15: Cooling efficiency ηc of sample no. 134 as a function of pump wavelength and
sample’s temperature.
As seen in the calculations of the cooling efficiency at room temperature, these
absorption spectra are not precise enough to compare them with the parameter αb.
Therefore, the same procedure described in Paragraph 5.2.1 was employed to evaluate
the absorption coefficients, starting from the fluorescence spectra at low temperatures,
depicted in Figure 4.18. With these data, ηc could be evaluated as a function of both
wavelength and temperature. A density plot of the cooling efficiency, calculated for
temperatures between 100 and 300 K, is shown in Figure 5.15.
It is clear from the plot that the cooling efficiency reduces at low temperatures,
because of the shrinking of the overlap between absorption and emission bands of the
crystal. This behavior was expected and described in Paragraph 2.2.2. In particular,
for this sample, the minimum achievable temperature (MAT) was estimated to be about
118 K at 1019 nm. When comparing these values with those reported in Figure 2.6,
measured from a piece carved from the same boule of sample no. 77, it is clear that
the wavelength position of the minimum was almost exactly the same between the two
crystals. Instead, the MAT value increased a little, in agreement with the lower value
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of ηext measured in sample no. 134.
On the contrary, the overall temperature dependance of the cooling efficiency, and
the wavelength spectrum of the MAT (the boundary between cooling and heating
regions) were comparable in the two plots. This effect was expected because of the
same doping concentration of Ytterbium inside the two crystals.
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In Chapter 5 a discrepancy was found between the cooling efficiencies of two samples,
no. 77 and 134, both doped with 5% of Ytterbium, in particular between the external
quantum efficiencies ηext (EQE) of the two crystals. Moreover, many other samples
subjected to the same optical refrigeration experiments did not exhibit any cooling
effect, but warmed up instead. These differences did not appear to be related to the
absorption or emission properties of the Ytterbium ions inside the crystals. Therefore,
additional investigations were required to understand this behavior and determine its
causes.
Foreign contaminants, especially other rare earth trivalent ions, could be a possible
source of the variation of the EQE in the crystals. However, Figure 4.7 shows an
absorption spectrum of a crystal for a wide region, evidencing the absence of interacting
ions besides Ytterbium inside the samples. Nevertheless, from Figure 2.5b it is clear
that even a small reduction in the EQE (less than 4%) can completely prevent the
cooling effect in a crystal. Therefore, since the measured difference of the EQEs is even
smaller (between 1 and 2 %), it is reasonable to suppose that such contaminations, if
any, could be so small that would not be detected by the spectrophotometer, but large
enough to shrink the number of Ytterbium ions involved in the cooling cycle, hence
reducing ηext.
As stated in Section 3.3, the raw powders, used in the crystal growths, were guar-
anteed to be at least 99.999% pure (the so-called 5 nines, or 5N powders), which means
that the sum of all impurities in the starting materials cannot exceed the 0.001% or 10
ppm (parts-per-million). These concentrations are undoubtedly too tiny to be detected
by the Cary 500 spectrophotometer, but could be large enough to alter the cooling cycle
within the percent and cause the difference in the EQE recalled above.
These contaminants were indeed found, at several amounts, inside all the samples.
Ytterbium ions can transfer their energy to many other rare earth ions via migration,
one of the transfer processes listed in Paragraph 1.2.3. The recipient ions must relax,
optically in many cases, hence emitting photons at several wavelengths, which can be
detected and studied to identify the source element. A description of the impurities
discovered is reported in this chapter, with an explanation of the technique used to
reveal them. Then, the results of an elemental analysis, performed on a subset of
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the samples, are reported and discussed. Finally, a qualitative energy transfer model,
connecting Ytterbium and the other detected impurities, is presented and analyzed.
6.1 THE GREEN RAY
The first evidence of foreign contaminants inside the cooling samples can be seen with
the naked eye. Every crystal characterized during this work, when pumped with a
wavelength within the absorption band of Ytterbium (hence, in the infrared region),
was apparently crossed by a thin ray of green light, emitted in correspondence to the
path of the pump laser inside the sample. An example of this fluorescence can be seen
in Figure 6.1.
Figure 6.1: A picture of sample no. 134 pumped with the 1024 nm laser diode, focused with
a 10 mm lens. The green ray is clearly visible in the middle of the crystal.
These infrared-visible conversion phenomena are not infrequent in rare earth doped
samples, caused by the cooperative mechanisms, such as up-conversion, listed in Para-
graph 1.2.3. Energy is transferred to the upper levels of the dopant and, after a while,
the excited ion decays emitting a visible photon. The problem, in this case, is that Yt-
terbium, the doping element inserted in the cooling crystals, does not have any upper
levels besides than the first excited, as seen in Section 1.4. Hence, even though energy
can migrate between nearby ions, there are no available states capable to accumulate
it. Therefore, there are no mechanisms that could produce green fluorescence from
infrared pumped Ytterbium ions.
Instead, this emission had to be caused by other rare earth ions located inside
the samples. The first step to identify these emitting elements was to collect the green
fluorescence from samples no. 77 and 134, and to analyze the resulting emission spectra.
Figure 6.2 shows the results of these acquisitions, performed with the same setup
employed for the Ytterbium room temperature fluorescence measurements, depicted
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in Figure 4.13, using the 1200 g/mm grating, the 940 nm laser diode as pump source
and the photomultiplier R943-02 (operative between 200 and 900 nm) as detector.
The fluorescences were measured in the same experimental conditions, thus allowing
to compare the intensity of the green light between the two samples.
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Figure 6.2: Spectra of the green fluorescence collected from samples no. 77 and 134, pumped
at 940 nm, at 300 K.
The spectra of the green radiation are close in shape but dissimilar in size, indicating
the elements causing this emission are the same, but with different concentrations inside
the two samples. This diversity hints a possible origin for the discrepancy of the EQE
between the crystals. The most likely element to produce the green fluorescence was
Erbium, which, because of its complex level structure, is well known to exhibit such
up-conversion effects [44]. Moreover, it is well established in literature that Erbium
ions can be excited by the Ytterbium ions, pumped by the laser radiation [45]. In order
to detect the emission structure, a sample was carved from an earlier growth of YLF,
doped with 0.01% of Erbium. The YLF samples was chosen to get a good matching of
the spectral structures with those measured in the cooling samples.
The spectrum of the green emission from Erbium was acquired from the of 0.01%
Erbium-doped YLF (or Er:YLF) crystal using the same setup as before and the 532
nm DPSS laser as pump source, at 24 mW. This laser source was necessary because
the sample, doped only with Erbium, would not have absorbed radiation at 940 nm,
used before to pump the Ytterbium. The resulting spectrum is depicted in Figure 6.3.
By comparing it with Figure 6.2, it was clear that the Erbium alone could not have
produced all the peaks visible in the green ray. Therefore, at least another element
that could absorb energy from Ytterbium and emit green light was sought.
The next candidate was Holmium, which was proven to be capable of both the
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Figure 6.3: Green emission of a 0.01 % Erbium:YLF crystal, pumped at 532 nm.
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Figure 6.4: Green emission of a 0.8 % Holmium:YLF crystal, pumped at 532 nm.
properties requested [46]. Again, the green emission from a YLF sample doped with
0.8% of Holmium (or Ho:YLF) was acquired with the equipment employed earlier,
pumping the crystal with the 532 nm laser at 0.34 mW. The big jump in the pump
power between this sample and the Er:YLF was due to the non-identical doping levels
of the crystals and to the different absorption cross sections of the two rare earths.
The spectrum of this crystal is shown in Figure 6.4, which contains other peaks that
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are noticeable in the green ray spectrum. In fact, it contains all the remaining peaks,
suggesting that the green fluorescence inside the Ytterbium-doped samples could be
caused entirely by Erbium and Holmium. If that is the case, it means that it should
be possible to reproduce the spectrum of Figure 6.2, by summing the spectra shown in
Figure 6.3 and 6.4 with proper and reasonable coefficients.
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(a) Components of the green emission from sample no. 77.
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(b) Components of the green emission from sample no. 134.
Figure 6.5: Reconstruction of the green ray spectra, using Erbium and Holmium fluorescences
as components.
The results of these compositions are depicted in Figure 6.5. The fluorescences from
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the two elements matched perfectly the spectrum of the green ray, confirming that its
sources were the Erbium and Holmium contaminations inside the samples, pumped by
energy transfers from the Ytterbium. Because of the incompatible pumping conditions
for the two test samples, the results of this analysis cannot be used to determine
the concentration of the contaminants inside the cooling samples. However, since the
Ytterbium concentration is the same for the two cooling crystals, and since the green
spectra were acquired in the same conditions, those data allow to compare the amounts
of the same impurity between the two crystals. For example, it can be inferred that
sample no. 134 contains much more Erbium and Holmium than sample no. 77.
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Figure 6.6: Qualitative model of the energy transfer mechanisms that cause the emission
of the green ray. Laser pump is shown in cyan. Ytterbium de-excitations and corresponding
conversions are shown in orange. Fluorescences are depicted in green, with the approximate
emission wavelength in nm.
6.2 ENERGY TRANSFER MEASUREMENTS
Once the presence of two foreign contaminants was acknowledged, several attempts
were made to understand the transitions occurring between the species inside the crys-
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tal, and how these could influence the EQE of the cooling samples. With this goal
in mind, a study of the literature describing Ytterbium–Erbium [47, 48], Ytterbium–
Holmium [49, 50] and Erbium–Holmium [51] co-doped samples was carried out.
The result of this work was summed up in the qualitative model diagram depicted
in Figure 6.6. The laser pumps the Ytterbium ions up to the 2F5/2 level. These excited
ions can transfer their energy to the fundamental state of Erbium and Holmium. If
this process happens twice, the ions gain enough energy to emit a green photon. These
transitions can easily happen because the concentration of Ytterbium is enormously
higher than the amount of impurities. Both the species, excited in this way, cause the
emission of the green ray spectrum described before.
The energy transfers chosen for the model imply emission from Erbium and Holmium
in other wavelength regions, such as the near infrared. In order to validate this theory,
several fluorescence measurements were performed on the two cooling samples, pumped
with the 940 nm laser diode, scanning the emission between 720 and 870 nm, in which
the Ytterbium should not emit. The measurements were carried out in the same exper-
imental conditions, switching only the samples, in order to obtain comparable results.
The spectra sampled in these acquisitions are shown in Figure 6.7.
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Figure 6.7: Spectra of the fluorescence from the impurities inside the 5% Ytterbium-doped
cooling samples, pumped at 940 nm.
As described above for the case of the green ray, the same measurement was re-
peated for the Er:YLF and the Ho:YLF control samples, pumped with the 532 nm
laser, but with different powers. Figure 6.8 shows the spectrum of the Erbium sample,
while Figure 6.9, the one of the Holmium crystal. Only the ranges in which there was
a significant emission are shown.
In particular, the features on the left of the infrared emission spectra of the cooling
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Figure 6.8: Infrared emission of the 0.01% Er:YLF crystal, pumped at 532 nm with 130 mW.
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Figure 6.9: Infrared emission of the 0.8% Ho:YLF crystal, pumped at 532 nm with 0.25 mW.
samples, about at 750 nm, are well reproduced by the Holmium ion, while the Erbium
emission can explain the peaks on the right, around 850 nm. Unfortunately, neither
Erbium nor Holmium exhibited an emission suitable to describe the structure in the
middle of Figure 6.7, with a peak at 790 nm. This demonstrate without doubts that,
at least, another rare earth was contaminating the cooling crystals. Therefore, the
model developed from the analysis of the green fluorescence did not suffice to describe
the whole energy transfers inside the samples, and further investigations were needed.
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6.3 ELEMENTAL ANALYSIS METHOD AND RESULTS
After the discovery of a third kind of impurity, unrelated to the other two, inside the
cooling samples, any attempt to understand the energy transfer phenomena from the
fluorescence spectra became unfeasible, without knowing first the concentrations of the
contaminants. Therefore, an independent analysis of the elements inside the samples
no. 77 and 134 was performed. Two pieces of the crystals were sent to the Istituto di
Geoscienze e Georisorse - C.N.R. of Pavia.
These crystals were analyzed with the laser ablation–inductively coupled plasma–
mass spectrometry (LA-ICP-MS) technique [52]. During this procedure, essentially,
the sample was illuminated with a high power laser, which vaporizes the surface of the
crystal. The particles of the vapor were then transported, along with an inert gas, to a
secondary UV source. This radiation ionized the particles and created a plasma. The
excited ions of the plasma were later sent, pushed by an electromagnetic field, to a
mass spectrometer, that performed the elemental characterization.
Sample no. 77 Sample no. 134
Element Conc. (ppm) Conc. (ppm)
Erbium 0.25± 0.05 1.1± 0.2
Holmium 0.39± 0.08 0.72± 0.04
Thulium 1.4± 0.6 0.7± 0.3
Table 6.1: Concentration of the impurities resulting from the elemental analysis of samples
no. 77 and 134.
The results of the analysis for the two crystals are reported in Table 6.1. Only
relevant contaminations are reported. The investigation confirmed the presence of
Erbium and Holmium, as expected from the spectroscopic measurements, and indicated
that also Thulium was contaminating the samples.
It should be noticed that the sum of all the concentrations did not exceed 10
ppm, thus confirming the good quality of the starting powders. Moreover, these sums
are the same, within the uncertainty, in the two crystals: between 2 and 3 ppm. It
looks surprising that such low quantities can have macroscopic detrimental effects on
the quality of an optical refrigerator. This high sensitivity is one of the causes of
the increased difficulties encountered during the growth of crystals for this particular
application.
6.4 ENERGY TRANSFER MODEL AND EQE REDUCTION
After the introduction of Thulium, the model depicted in Figure 6.6 had to be extended
to include this element. Energy transfers between Ytterbium and Thulium were studied
from literature about co-doped systems with these two ions [53, 54]. Thulium can be
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effectively pumped from the Ytterbium ions and emits at about 790 nm [55]. Therefore,
the near infrared fluorescence spectra shown in Figure 6.7 can be entirely explained by
the emissions of Erbium, Holmium and Thulium.
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Figure 6.10: Qualitative model of the energy transfer mechanisms inside the cooling samples,
where all the impurities are directly pumped from Ytterbium. Fluorescences are depicted in
green or red, according to their color, with the approximate emission wavelength in nm. Laser
pump is shown in cyan. Transfer from Ytterbium are shown in orange.
The first reasonable hypothesis is to suppose that all the impurities were directly
excited from Ytterbium ions. With this assumption, the previous model can be updated
to include all the three contaminants and describe how they gain energy. The result is
depicted in Figure 6.10. The behavior of Erbium and Holmium is the same as it was
in the green ray. Thulium does not emit in the green region, which is in agreement
with the earlier analyses of the green spectra. In addition to that, the near infrared
fluorescence is fully explained by the emission of the three impurities.
However, this process scheme has some flaws. For instance, it cannot explain the
difference between the external quantum efficiencies of samples no. 77 and 134. The
assumption of direct excitation implies that all the species are equally removing ions
from the cooling process, thus reducing the cooling efficiency in the same way. Never-
theless, the elemental analysis shown that the total amount of impurities was nearly
the same in the two 5% doped samples. Therefore, the EQE difference could not be
caused by all the elements indiscriminately. Some species are more responsible than
others for the reduction of the cooling performances, instead.
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As stated before, the fluorescence spectra in the green and the near infrared regions
were taken in the same experimental conditions. Therefore, a comparison between the
intensities of the two samples is possible. The ratios between the peak intensities of the
two spectra should reflect the differences in the concentration of impurities reported by
the elemental analysis. Table 6.2 shows those ratios, calculated from the fluorescences,
compared with the concentration ratios derived from the analysis.
Green Infrared Elemental
Erbium 4.7 4.3 4.4± 1
Holmium 2.6 2.3 1.8± 0.4
Thulium n.a. 1.1 0.5± 0.3
Table 6.2: Peak intensities of the fluorescences for sample no. 134 divided by the same value
for sample no. 77, for the corresponding source element. The wavelengths of the green and
infrared peaks are indicated in Figure 6.10. The ratio between the concentrations detected by
the elemental analysis is also shown.
The ratios between Erbium and Holmium peaks in the infrared spectra match,
within the uncertainties, the values detected by the elemental analysis. The same
quantities are a little overestimated in the green region, but this is expected because
of the multiple excitations that are necessary to excite the green emission. Therefore,
it is reasonable to assume that Erbium and Holmium were directly pumped by the
Ytterbium, as depicted in Figure 6.10.
The behavior of Thulium is completely different, instead. The peak at 790 nm has
almost the same intensity in the two crystals, despite sample no. 77 contained twice
the amount of Thulium than sample no. 134 did. Since the EQE for sample no. 77
was very close to unity, the Thulium contamination seemed not to affect the optical
refrigeration performances of the crystal.
These data suggest that Thulium ions were indirectly excited inside the samples.
This mechanism was already observed in other triply-doped samples with Ytterbium,
Erbium and Thulium [56, 57], in which the Erbium ions transferred energy to the
Thulium. A model of the energy transfer processes in which the Thulium is indirectly
pumped by the Erbium is depicted in Figure 6.11.
The energy difference between the 4I13/2 level of the Erbium and the
3F4 level
of the Thulium is much smaller than difference between the same Thulium level and
the excited state of the Ytterbium. Therefore, it seems more reasonable that energy
flowed to the Thulium through the Erbium, instead of being directly pumped from the
Ytterbium.
This process, besides being energetically favorable, explains also why the fluores-
cence peaks at 790 nm had the same intensities in the two samples. Even though that
was more Thulium in sample no. 77 than in 134, the larger concentration of Erbium
in sample no. 134 compensated for the lack of Thulium, by increasing the amount of
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transferred energy. The two effects balanced, making the fluorescence intensity about
the same in the two samples, even though one of them had half the amount of Thulium
and four times the amount of Erbium than the other.
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Figure 6.11: Qualitative model of the energy transfer mechanisms inside the cooling samples,
with Thulium pumped indirectly through Erbium. Transfers from Erbium to Thulium are
shown in blue.
More importantly, the model describes why the EQE of sample no. 134 was smaller
than the one of sample no. 77. As a matter of fact, is reasonable to suppose that
the cooling performance are reduced only by the impurities directly pumped by the
Ytterbium, because these transfers would shrink the number of ions involved in the
refrigeration process. Every time an Ytterbium ion gives its energy to another element,
instead of emitting it via a fluorescence photon, no outgoing photon is produced, hence,
no heat is removed from the crystal. In other words, direct transfers from the Ytterbium
to other species reduce the ratio between the number of photons escaping from the
sample and the number of absorbed photons, which is the definition of the EQE.
The model of Figure 6.11 states that only Erbium and Holmium ions were directly
pumped, while the effect of Thulium on the Ytterbium population was negligible.
Comparing this assumption with the results of the elemental analysis shown in Table 6.1
clarify the reason why sample no. 134 had a lower EQE. This crystal, indeed, contained
much more of these elements than sample no. 77 did. Moreover, if Thulium is excluded
from the contaminant list before summing the concentrations, the total amount of
impurities would be much different for the two crystals. Sample no. 77 contained only
about 0.6 ppm of directly pumped impurities, while sample no. 134 had 1.8 ppm, about
three times more. This discrepancy can qualitatively explain why the EQEs were so
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different in the two crystals.
Of course, the fact that the model showed in Figure 6.10 is energetically unfavor-
able, does not mean it is completely forbidden. In systems with much more Thulium
than Erbium that process could still happen and contribute to the reduction of the
cooling effect inside a crystal. Other transfers, way more complicated than those de-
scribed in the two models, could also occur for increased amounts of contaminants.
Therefore, it would be always better to reduce the concentration of all the impuri-
ties, even though some of them, right now, appear to have a smaller impact on the
refrigeration performances.
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CONCLUSIONS AND OUTLOOK
The optical refrigeration of solids is a mechanism that looks promising to build coolers
that will extend the capabilities of the current thermoelectric refrigerators. Nowadays,
there are research agencies and industries interested in the development of these sys-
tems to cool down electronics, for example, integrated inside orbiters and satellites.
Although the principle of operation of the technology has been fully understood, there
are some obstacles that need to be carefully considered during the design of the de-
vices. These difficulties are what prevent, for now, the construction of coolers based
on this method. This thesis work provides some useful information about controlling
these hurdles, hence, it is a step forward to constructing, one day, optically refrigerated
coolers.
The cooling efficiency of three samples was characterized as a function of wave-
length, at room temperature. Two of these samples were doped with 5% of Ytterbium,
and the other with 7.5%. First of all, this variety allowed to check how the refrigera-
tion performances scales with the Ytterbium concentration. All the available models
predicted a reduction in the efficiency at higher doping levels, due to increased re-
absorption of the escaping fluorescence. Since the radiation outgoing from the crystal
is more re-absorbed, especially in the higher energy parts of the spectrum, the mean
fluorescence wavelength λf drifts toward longer values, shrinking the amount of heat
subtracted from the crystal in every cycle.
Moreover, the two independent parameters of the refrigeration, the background
absorption αb and the external quantum efficiency ηext (EQE) changed too in a way
that further shrank the performance of the 7.5% doped sample. Specifically, αb was
expected to be proportional to the amount of transition metal impurities in the crystal.
This contaminants are carried by the YbF3 raw powders employed during the growths.
Increasing the doping level means to add more material to the melt, thus resulting in
a higher amount of these impurities in the sample. αb was indeed larger in the 7.5%
crystal than in those doped at 5%. Furthermore, the EQE was expected to reduce
for higher doping concentrations. This behavior is explainable with the increased re-
absorption: the more the sample absorbs fluorescence, the less energy will escape from
the system.
Therefore, increasing the doping level from 5% to 7.5% of Ytterbium introduced
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several drawbacks in the refrigeration mechanism, that caused a major reduction in the
cooling performances of the crystal. These data indicate that raising the concentration
of Ytterbium might not be the appropriate way to enhance the cooling performances
in these systems. It may be even the case that the doping level needs to be decreased,
instead, since there is still no evidence that 5% is the optimal concentration. To test
this possibility, at least a sample with less Ytterbium will have to be grown.
In addition to that, the two samples doped with 5% of Ytterbium were found to
have different cooling performances, too. There was no clear motivation for this dis-
crepancy. Both the samples were extensively characterized with spectroscopical mea-
surements over the Ytterbium emission and absorption bands, showing no plain differ-
ences. Wide absorption scans were performed too on both the crystals, but anything
was found besides the expected Ytterbium bands. Despite this profound similarity,
the two samples had much different cooling efficiencies. The fit of the independent
parameters of the refrigeration model shown that such decrease was caused entirely by
a shrinking of the EQE. Apparently, spectroscopical characterization of the Ytterbium
bands is not enough to fully understand if and how a sample will cool down.
Several possible causes for this behavior were examined and soon discarded for being
incompatible with the data. Eventually, the presence of other rare earth ions inside the
crystals had to be considered, even in concentrations too small to be detected from the
absorption measurements. Although it was known that the samples contained some
impurities, this hypothesis was strongly rejected at first, because it seemed unlikely
that such little amounts of ions could have large detrimental effects on the refrigeration
performances. Nevertheless, several differences were found in the fluorescences, though
at wavelength regions far from the Ytterbium emission.
These spectroscopical investigations, supported by an independent elemental anal-
ysis, found the presence of Erbium, Holmium and Thulium inside both the 5% doped
samples. It is worth to state that the total amount of impurities did not exceed the
concentration of 10 ppm, as expected from the 99.999% declared purity of the raw
powders used for the growths. Moreover, the sum of the concentrations of these three
elements was almost the same in the two crystals, indicating that the ions did not
equally influence the cooling.
Fluorescence measurements confirmed that all the foreign species were capable to
gain energy from the Ytterbium. However, these data did not contain information
about how the energy was transferred. It could have been possible that some ions
acquired energy directly from the Ytterbium, while some species could have been ex-
cited by the other impurities, instead. These two mechanisms are very different: only
the contaminants directly pumped from the Ytterbium have an impact on the refrig-
eration performances. On the other hand, the impurities excited from other elements
have no further interaction with Ytterbium ions. Therefore, they should have a limited
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influence on the cooling effect.
A qualitative energy transfer model was developed from both the spectroscopical
and the elemental analyses. This model states that, inside the cooling crystals, only
Erbium and Holmium were directly pumped from the Ytterbium ions, while Thulium
gained energy from the Erbium, instead. The model justifies the shapes and the inten-
sities of the fluorescence spectra, for the detected amount of contaminants. Moreover,
it explains why the EQEs of the two samples were so different. As a matter of fact,
the concentration of Erbium and Holmium in one of the crystals was about three times
than in the other. This difference, finally revealed, is considered the main cause of the
discrepancy in the cooling efficiencies of the two samples.
The consequences of this statement are huge. Concentrations of impurities of the
order of magnitude of one part per million can alter the refrigeration performances of
a crystal. This effect can be even worse in samples with higher amounts of Ytterbium.
This might be the reason why only one 7.5% doped sample exhibited a net cooling,
while all the others heated up when pumped with the 1024 nm laser diode. This
large sensitivity to concentrations this tiny is what mainly distinguishes the growth of
crystals for optical refrigeration from the growth for other applications. This enhanced
dependance suggests the need of more pure raw powders to grow crystals for cooling.
However, starting materials with increased total purity (such as 6N powders) usually
have much higher prices. Fortunately, the earlier energy transfer model indicates which
rare earth ions are more dangerous and should be eliminated. Therefore, the seek for
new powders will be oriented, in the foreseeable future, toward materials containing
less Erbium and Holmium than now.
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